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1. INTRODUCTION 
1.1 General aspects 
Although the current seismic approach still remains an implicit general goal of any structure 
engineered for an earthquake prone area, socio-economic realities have pushed the barrier 
considerably higher: the cost of a structure designed to meet higher performance levels or the 
cost of an upgrade to an existing structure are weighed against the estimated losses associated 
with damage, loss of proprierty and downtime in the event of a major earthquake. 
Supplemental damping and seismic isolation systems can be, therefore, viewed as the means 
of achieving higher performance levels, at a reasonable cost: this design approach using 
supplemental damping and/or seismic isolation systems goes beyond the traditional 
earthquake-resistance philosophy, that tolerates damage as long as life safety is guaranteed, 
and aims to minimize damage to structural and non-structural elements, even under severe 
earthquake ground motions. 
The most recent earthquakes world over, such as 1994 Northridge-USA, 1995 Kobe-Japan, 
1999 Kocaeli-Turkey, 2008 Wenchuan-China, 2010 Chile, 2011 Tohoku-Japan and 2011 Van-
Turkey earthquakes, have resulted in significant loss of life and property as well as extensive 
losses to industry. In all these earthquakes older, heavy industrial facilities, especially those with 
taller structures that partially to totally collapsed, were more affected by the earthquake than 
newer facilities: losses associated with business interruption were more severe for these types 
of facilities.  
Fragility functions of an element at risk represent the probability that its response to earthquake 
excitation exceeds its various performance (damage) limit states based on physical 
considerations, since fragility assessments are usually based on past earthquake damages 
(observed damage and, to a lesser degree, on analytical investigations: the brightest example of 
it in our country is represented by the 2012 Emilia earthquake, where multiple shocks led to the 
breaking down of several industrial buildings in precast reinforced concrete, in area classified in 
a low seismicity cathegory. 
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1.2 Motivation of the research: the case of 2012 Emilia-Romagna earthquake 
 
In May 2012, a large area of north-central Italy, including the regions Emilia- Romagna, Veneto 
and Lombardy, was struck by a series of earthquakes of medium to high intensity, culminating in 
the seismic shocks of 20 and 29 May (with respective Richter Magnitudes (ML) of 5.9 and 5.8). 
The series of earthquakes, which is commonly referred to as the Emilia-Romagna Earthquake, 
mainly affected the provinces of Bologna, Modena, Ferrara, Mantua, Reggio-Emilia and Rovigo. 
As a result, 27 people lost their lives and much damage was done to historical and artistic 
heritage, buildings in general and to manufacturing activities. Figure 1 shows the INGV 
ShakeMaps for the earthquakes mentioned.  
 
 
Figure 1 - INGV ShakeMaps for of 20 and 29 May 2012 earthquakes, (a) and (b) respectively  
 
The Emilia-Romagna earthquake highlighted the high seismic risk associated with precast 
structures, particularly if built with no reference to seismic design criteria, or using outdated 
construction models; paradoxically, from the events of May 2012, emerged that technologically-
advanced productive activities, such as those in the bio-medical sector, were hosted in buildings 
that were structurally very simple, basically designed only for vertical loads: in particular, there 
were frequent cases of single-storey frames composed of precast elements, with slender 
statically determinate pillars and simply supported beams. Structures of this type are often used 
for the storage of finished and semi-finished products or include the permanent presence of staff 
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and equipment. These critical aspects noted were the same as those that had emerged after 
other earthquakes and are part of the so-called bad design habit (Prof. A. Parducci, 
"Considerations on the design of earthquake-resistant precast buildings", 1978): in this article it 
was emphasised the dangerous habit of creating simply supported beam-to-pillar and roof-to-
beam connections: the document states that friction grip connections were regularly used in 
Italy, even with very slender pillars with high lateral deformability; considerations sadly 
developed after the Friuli Earthquake in 1976, which caused the collapse of numerous precast 
industrial buildings.  
    
    
Figure 2 – Failure of simply supported beam-to-colum connections in industrial buildings in Emilia 
 where many workers died during the failure of those structures, while working  
 
For this reason, in order to understand the reasons for the numerous structural and non-
structural collapses that occurred in that May 2012, it may be helpful to present the basic steps 
in the development of Italian guidelines in recent decades.  
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1.2.1 Italian regulation 
Technical standards and specifications for repairs, construction and re-construction of new 
buildings in seismic areas have been in existence since the first decade of the twentieth century; 
however, the industrial buildings in use today come under the regulations of the following 
documents, drawn up since the 1970s:  
• Legge 05/11/1971, n.1086: this document formed the basis for all subsequent technical 
standards for buildings, including those currently in force in 2013; 
• Legge 02/02/1974, n.64: the document specifically refers to horizontal seismic forces, 
which can be represented as two perpendicular force systems not acting at the same 
time.  
• Decreto Ministeriale – 03/03/1975, containing an explicit reference to the evaluation of 
displacements caused by earthquakes, and emphasising that the retention of 
connections should not be compromised and that hammering should not occur between 
adjacent independent structures.  
• Decreto Ministeriale - 24/01/1986: this document permits the use of beam-to-pillar and 
beam-to-roof friction grip connections in precast buildings, provided that specific checks 
are made, "to be studied on a case-by-case basis in order to ensure that possible sliding 
does not produce harmful effects".  
• Decreto Ministeriale - 03/12/1987: this fundamental decree provides criteria and 
calculation methods for safety checks; it provides information about purely technical 
matters, for example specifying that: "the minimum depth of total support for beams 
must not be less than 8 cm + L/300, with L being the clear span of the beam". According 
to this formula, a support 13 cm in length would be sufficient for a beam with a 15 m 
span. Finally, it states that: "the use of supports in which the transmission of horizontal 
forces depends on friction alone is not permitted in seismic zones. Supports of this type 
are permitted where the capacity of transmitting horizontal actions is not a relevant 
factor; the support must allow displacements in accordance with the requirements of 
seismic regulations". Connections between elements are also required to have a 
sufficiently ductile behaviour.  
• Decreto Ministeriale – 16/01/1996: this document specifies that calculated 
displacements and rotations must not compromise the integrity of hinges and sliding 
bearings; furthermore, with sliding bearings, special devices are required to be used to 
contain the extent of displacement in the event of an earthquake.  
• Decreto del Presidente della Repubblica del 6 giugno 2001, n. 380, containing the 
fundamental principles, general guidelines and regulations for construction works.  
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• Ordinanza del Presidente del Consiglio dei Ministri del 20 marzo 2003 (OPCM 3274) 
and subsequent updates: these documents represent a fundamental step forward in 
terms of the updating of the criteria and methods for the design, evaluation and 
adaptation of buildings in seismic zones.  
• Decreto Ministeriale – 14/09/2005, presenting a complete reorganisation of building 
legislation, although the text was not widely applied, due to extensions of previous 
regulatory documents.  
• Decreto Ministeriale – 14/01/2008, containing a large section on precast structures.  
The series of documents mentioned above have produced a regulatory framework, that is 
constantly evolving and improving: with this, seismic action on structures has been gradually 
introduced and defined with increasing detail, in response to the natural catastrophic events that 
have occurred over the decades; it goes without saying that, there has been a gradual increase 
in the specifications - regarding construction details - designers are provided with and the 
concept of structural ductility has also been introduced, in line with the design approach that has 
become established at international level, by the Eurocodes, over the same period. It is 
important to point out that, alongside the changes in the regulatory guidelines, there has been 
constant modification to the seismic hazard map of Italy: for example, the regions affected by 
the series of earthquakes in May 2012 were still classified as areas “not prone to seismic 
hazard” in the 1984 hazard map. Figure 3 shows the 1984 seismic zoning map and the 2004 
seismic hazard map; the maximum seismic hazards are represented by “category 1” and “zone 
1” respectively; it is shown in Figure 3.b, major updates to the seismic hazard map of Italy were 
made in 2004. It can be seen that:  
- The Emilia-Romagna region changed from being almost entirely unclassified to become 
a low seismicity area (“zona 3”); 
- The provinces of Mantova and Rovigo, respectively located in the regions of Lombardy 
and Veneto, from being unclassified they were moved into “zona 4” category (fairly 
limited seismicity); in “zona 4”, the individual regions became responsible for introducing 
seismic zone design requirements.  
The seismic hazard maps, though, were further updated in 2006. 
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Figure 3 – Italian seismic zoning/hazard maps - (a) 1984, (b) 2004 
 
According to this, it may be immediately concluded that the range of precast structures, 
currently in use in Italy, features a considerable variety in terms of performance levels for 
projected seismic action, due to the accumulation of various technical provisions for zones 
considered to be of seismic risk and to the updating of seismic hazard assessments for the 
various areas. The current status is briefly described in section 1.2.2.  
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1.2.2 Technical standards for precast RC buildings in force in Italy in May 2012  
In May 2012 the New Technical Standards for Construction (in practice often referred to with the 
acronym NTC2008) were into force in Italy: these standards still regulate the design, 
construction and inspection of buildings. Moreover, the text of the NTC2008 is accompanied by 
a Circular, although its application is not mandatory: it contains additional information, 
clarifications and application instructions for a broader understanding of NTC2008. These 
documents are currently the main reference for structural designers working in Italy.  
Although regional as well as municipal building regulations are required in Italy, the main 
principles of structural design and the basic regulatory requirements are set out in the NTC and 
in the Circular. The main points that distinguish new provisions from older documents are:  
• development of performance criteria;   
• alignment with EuroCodes legislative guidelines;   
• greater detail for aspects related to seismic action; 
• more detailed guidelines regarding geotechnical aspects.   
In terms of seismic hazard assessment, there has been a significant change as well, even 
though it is important noticing that seismic hazard was not reassessed following the Emilia-
Romagna earthquake. The major changes are the followings:  
• no longer only 4 seismic zones; 
• a grid with 10,751 nodes has been defined, with the bedrock acceleration values ag for 
each node determined for 9 different return period values;  
• the parameters necessary to define the response spectrum for analyses in any site in 
Italy can be determined by taking the weighted average of the values assigned to the 4 
nearest grid points.  
Paragraph 7.4.5 of the NTC2008 provides accurate information about buildings with precast 
structures in seismic areas: it covers several categories, including perhaps the most common, 
described as "isostatic pillar structures", expression that indicates a single-storey structure, with 
roofing elements supported by fixed bearings resting on isostatic pillars.     
The use of simply supported pre-cast beams is permitted, provided they are structurally 
connected to the supporting pillars or walls; furthermore, the connections must ensure the 
transmission of lateral forces during an earthquake, without relying on friction.  
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The New Technical Standards for Construction introduce the use of the so-called “structure 
factor q”, an approximation of the ratio of the seismic forces, that the structure would experience 
if its response was completely elastic with 5% viscous damping, to the minimum seismic forces 
that may be used in design - with a conventional elastic response model - still ensuring a 
satisfactory response of the structure. 
  
 
Figure 4 – The behaviour factor q, explained in terms of force-displacement 
 
Hence NTC includes the use of the structure factor q for the reduction of actions obtained 
through the elastic response spectra, but its use is subjected to compliance with many 
specifications for connections and types of structural elements; the minimum expected value for 
the structure factor q is set at 1,5. In regard to construction details, precast structures in seismic 
zones are subjected to the same limits as cast-in-place reinforced concrete structures and there 
are therefore specific geometric and reinforcement limitations for beams, pillars, walls, coupling 
beams and node elements.          
The value of the structure factor q must be used for every direction of the seismic action, 
according to the structural tipology, from the hyperstatic degree and finally from designing 
criteria, according to non-linearities of the material; its value comes from the expressions: 
 𝑞 = 𝑞! ∙ 𝐾!                                                              (1) 
where: 
- q0 = maximum value of the structure factor depending on the level of the expected 
ductility, the structural typology and the term αu/α1, ratio between the value of the 
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seismic action that makes the structure unstable and the one at which it occurs the first 
plastic hinge; 
- KR = reduction value according to the characteristics of regularity in the height:  
o 1 per buildings which are regular;  
o 0,8 instead, for not regular; 
For buildings which are regular in plan, when a non-linear analysis is not required to evaluate 
the αu/α1, ratio, we can pick among the following table for different constructive typologies. 
For buildings which are not regular in plan, instead, we can adopt values of the αu/α1 ratio, 
coming from the average between 1 and the values coming from the different constructive 
typologies. 
For the vertical component of the seismic action, q = 1,5 for every typology of structure and 
material; for the horizontal component of the seismic action, calculated with the formula (1), the 
maximum values of q0 for reinforced concrete structures, according to different constructive 
typologies and the two classes of ductility (CD”A”= high ductility, CD”B”= low ductility) are 
shown in the following table: 
 
Table 1 – Values of q0 for reinforced concrete structures 
where the values of αu/α1 ratio, for structures regular in plan are as follows. 
a) Frames structures or mixed but equivalent to framed ones: 
o single-storey frames 
o multiple storeys frames with one bay 
o multiple storeys frames with more bays 
αu/α1 = 1,1 
αu/α1 = 1,2 
αu/α1 = 1,3 
a) Walls structures or mixed but equivalent to walls: 
o structures with two walls not 
connected horizontally 
o other structures with non-connected 
walls 
o structures with connected walls or 
mixed but equivalent to walls 
structures 
 
                                                   αu/α1 = 1,2 
                                                         
     αu/α1 = 1,3 
                                                αu/α1 = 1,1
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Pre-casting the elements of a structure designed to pursue prescriptions regarding reinforced 
concrete building requires the verification of the joint, so that it can assure the aimed level of 
resistance, stiffness and ductility; the following prescriptions (from paragraph 7.4.5) are suitable 
for precast reinforced structures which can be defined within the categories in the Table 1 for 
RC structures (frames, walls and mixed frame-walls structures), and, adding to this, we can find 
also the following categories, specific for our case: 
o panel structures; 
o cellular monolithic structures; 
o isostatic pillar structures (single-storey structure, with roofing elements supported by 
fixed bearings resting on isostatic pillars). 
The maximum values for q0 per these three categories are summarised in the following table: 
  
Table 2 – Values of q0 for precast structures 
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1.3 Presentation of Romanian seismic standards in comparison with the 
Eurocodes 
Romania, situated in the Balkan Region as a part of the Alpine-Himalayan seismic belt is 
characterized by high seismicity, and therefore exposed to a high seismic risk: over the 
centuries, in fact, it experienced strong earthquakes, last of which was the terrible 1977 Vrancea 
earthquake, magnitude 7.2, that killed 1578 people (1424 of them just in Bucharest) and has 
been felt throughout the Balkans. About 32900 buildings were damaged or destroyed, with huge 
economic losses due to the damage concentrated specially in Bucharest, where about 33 large 
buildings collapsed: most of those buildings had been built before the World War II and not 
reinforced or, according to the urban <<systematization>> made by the Communist regime, they 
were working-class buildings (the so-called blocks) in precast RC walls, a common practice 
before the recent industrialisation, which took to the use of precast exclusively for commercial 
and industrial premises; after the earthquake, the Romanian government, led by the sadly 
famous Nicolae Ceaușescu, imposed tougher construction standards. 
 
 
Figure 5 – Apartment blocks totally destroyed after the earthquake 
 
The national legislation that came afterwards, in matter of earthquake protection (Law no. 
575/2001, Building Code P 100-92 and seismic standard SR 11100/1-93) provided maps for 
seismic intensity areas, recurrence period and the classification of all urban localities according 
to possible seismic intensity on MSK scale.  
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Figure 6 – Expercted intensity of strike occurance in MSK-64 scale 
 
The map above, in fact, indicates the expected intensity of an earthquake in a certain area from 
VI to IX on the MSK-64 scale, while the seismic zonation (in Table 3) included in the building 
code P100-92 defines six zones with the peak ground acceleration values (unfortunately no 
map is available); the associated average recurrence period is considered to be 50 years.  
Seismic Zone KS 
A 0.32 
B 0.25 
C 0.20 
D 0.16 
E 0.12 
F 0.08 
Table 3 – The seismic zone coefficient KS
 
(in g) according to building code P100/2006 
 
On January 1st 2007, Romania has become a member of the European Union and since then, it 
has been committed to introduce the EUROCODE 8 (EC8) and the new seismic code P100-
1/2013, which follows EC 8, includes revised seismic zonation map; as shown below, it 
indicates PGAs (0.10g, 0.15g, 0.20g, 0.25g, 0.30g, 0.35g, 0.40g) corresponding to an average 
return period of 100 years, i.e., to a 40% probability of exceedance in 50 years. 
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Figure 7 – Romanian seismic zoning/hazard maps for 100 years recurrance period – P100-1/2013 
 
In the same way, in the current design procedure, the behaviour factor for horizontal seismic 
action is also used as follows, according to the P100-1/2013, in conformity with the EC8: 
 
Table 4 – Values of q for reinforced concrete structures 
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The table above shows the different values of q, classified according to the ductility class, 
medium or high, respectively DCM and DCH, and in comparison with the old national code; the 
category number 1 represents frame structures, the number 3 defines the walls structures and 
number 2 is for intermediate category between frame and walls. Number 4 gives the values for 
structures flexible in torsion and number 5 for inverted pendulum.     
The maximum values of q for different kind of RC structures and different ductility classes 
(DCH= high, DCM= medium, DCL= low) are summarised in the following table: 
 
Table 5 – Maximum values of q for reinforced concrete structures  
 
* if νd≤ 0,75 in every column; otherwise q=1,5. 
where: 
- α1  is the value by which the horizontal seismic design action is multiplied in order to first 
reach the flexural resistance in any member in the structure, while all other design 
actions remain constant;  
- αu is the value by which the horizontal seismic design action is multiplied, in order to 
form plastic hinges in a number of sections sufficient for the development of overall 
structural instability, while all other design actions remain constant (the factor αu may be 
obtained from a nonlinear static – pushover –  global analysis).  
Not enforced by the EC8, the last category in Table 3. has been introduced by P100-1/2013, 
with the particular respect of single-storeyed precast RC structures with beams supported by 
column’s cantilevers and horizontal plan behaving as a horizontal diaphragm. 
For ordinary cases, the Romanian legislation allows to adopt the following values for αu/α1 ratio, 
as follows: 
a) Frames structures or mixed but equivalent to framed ones: 
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o single-storey frames 
o multiple storeys frames with one bay 
o multiple storeys frames with more bays 
αu/α1 = 1,15 
αu/α1 = 1,25 
αu/α1 = 1,35 
 
a) Walls structures or mixed but equivalent to walls: 
o structures with just two walls    
in every direction 
o structures with many walls 
o structures with connected 
walls or mixed but 
equivalent to walls structure
 
In case of structures with walls with length ratio hwi/lwi not significantly different one each other, 
the effect of this ratio hwi/lwi on the deformation capacity can be described through the kw: 
kw= 1   if α0 ≥ 2 (slender walls)
kw= (1+α0)/3   if α0 < 2 (thick walls: 0,5 ≤ kw < 1) 
where: 
𝛼! = ℎ!" 𝑙!"   ; 
hwi= height of the wall; 
lwi= length of the wall. 
In case of a structure fully regular, that can ensure fully controlled conditions of execution, the 
value of q, for each tipology, can be increased up to 20%. 
αu/α1 = 1,00 
αu/α1 = 1,15 
αu/α1 = 1,25 
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1.4 Outline of the idea 
After all said before, it can be stated that, in regard to seismic actions, the significant 
vulnerability and the poor performance of precast reinforced concrete buildings is mainly due to 
the inadequate capacity of the joints between the structural elements to properly transmit the 
lateral loads and to ensure appropriate connection: this deficiency in some cases contributed to 
the spread of mixed systems resulting from the coupling of prefabricated elements with cast-in-
place structures, and to the latter is usually assigned the task of supporting the majority of the 
seismic demand. None the less, considering the fact that some irreversible plastic deformations 
in the joints are already expected, an improvement of their behaviour under seismic actions can 
be achieved by inserting suitable dissipative material at the beam-column region of contact. 
Hence, the primary objective of this work of research, which aims to experimentally investigate 
the performance of precast beam-to-column joints, reinforced with superelastic Shape Memory 
Alloys: the semi-rigid connections in fact, furnish to the structure energy dissipation capacity 
and could help achieving of the expected level of ductility, while constituting also an expected 
area of structural damage.                 
Only a performance-based design will ensure the life safety and the possibility of viable 
rehabilitation from the economical point of view, for buildings subjected to a major earthquake. 
After an overview of the different typologies of connections for precast reinforced concrete 
structures and a presentation of the brilliant qualities of smart materials (Shape Memory Alloys, 
in this case), this paper will report the main results of our research devoted to the study of the 
behaviour of a new typology of PRC connection to vertical and horizontal loads: a simple beam-
to-column connection, where the solidarity between the elements is ensured by dowels and 
mechanical couplers in NiTi-NOL. Our aim consists in investigating the possibility of 
improvements of the joint, through the use of SMAs and verifying its effectiveness on precast 
systems, in areas prone to high seismic risk: moreover, this research will involve a numerical 
study and the use of a hysteretic constitutive model for superelastic SMAs, applicable for non-
linear finite element analysis; the model, created with ANSYS® Mechanical™, will take into 
consideration the unique characteristics of the cyclic response of superelastic materials.  
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2. CLASSIFICATION OF CONNECTIONS OF PRECAST STRUCTURES 
UNDER SEISMIC ACTIONS  
 
2.1 Introduction  
According to the definition given by the Eurocode 2 (EN1992-1-1:2004), <<precast structures 
are characterised by structural elements manufactured elsewhere than in the final position>>. 
Prefabrication is a combination of good design with modern high performance components and 
quality controlled manufacturing procedures; as already said, it consists in two stages: 
- manufacturing of components in a place other than final location; 
- their erection in position. 
Hence, prefabricated sections are produced in large quantities in the factory and then shipped 
to various construction sites: this procedure may allow work to continue despite poor weather 
conditions and it has a view to reducing any waste in time and material on the site.  
Precast concrete units are cast and hardened before being used for construction, but 
sometimes builders cast components at the building site and hoist them into place after they 
harden: this technique permits the speedy erection of structures, even though requiring certain 
stages of preparation: 
- casting: precast components are casted with controlled cement concrete in moulds of 
required shapes and sizes, then the concrete is vibrated to remove any honeycombing 
inside the components; 
- curing: after 24 hours of casting, the components are released from the mould and 
transported to curing tanks, where they are steam-cured; 
- transportation and erection: after complete curing is done, the components are 
transported to the site with heavy trucks and erection will be done using cranes with 
skilled labour force. 
During the construction stage, then, in the structure, elements must be connected to ensure the 
required structural integrity; the connections, in fact, strongly influence the static behaviour of 
the structure and, consequently, its response under seismic conditions. Let’s see it how in 
details, in the following part. 
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2.2 General definitions and properties 
- union               generic linking constraint between two or more members;   
- connection  local region that includes the union between two or more 
members;   
- connector  (usually metallic) linking device interposed between the parts to be 
connected; 
- node               local region of convergence between different members;   
- joint       equipped interface between adjacent members;   
- (joint) systems  linking practices classified on the basis of the execution     
technology.  
 
Joints can be classified in three main systems:  
- typical joint system, joints with mechanical connectors generally composed of angles, 
plates, channel bars, anchors, fasteners, bolts, dowel bars, etc., including joints completed 
in-situ with mortar for filling or fixing;  
 
- emulative joint system, wet joints with rebar splices and cast-in-situ concrete,  restoring 
the monolithic continuity proper of cast-in-situ structures and leading usually to “moment-
resisting” unions;  
 
- mechanical joint system , dry joints with bolted flanges or other steel fittings similar to 
those used in metallic constructions fixed at the end of the precast member.  
The main parameters characterizing the seismic behaviour of the connection, as measured 
through monotonic and cyclic tests, refer to the six properties of:  
- strength: maximum value of the force which can be transferred between the parts;  
- ductility: ultimate plastic deformation compared to the yielding limit;  
- dissipation: specific energy dissipated through the load cycles related to the 
correspondent perfect elastic-plastic cycle;  
- deformation: ultimate deformation at failure or functional limit;  -decay: strength loss 
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through the load cycles compared to the force level;  
- damage: residual deformation at unloading compared to the maximum displacement 
and/or details of rupture.  
 
 
Figure 1 - Scheme of connection 
When the parts A and C have a non-ductile non-dissipative behaviour characterized by a brittle 
failure, with small displacements, due to the tensile cracking of concrete, a ductile dissipative 
behaviour of the connection can be provided by the steel connector B, if correctly designed for a 
failure involving flexural or tension-compression modes and not shear modes or by other 
dissipative phenomena like friction. In this case, for a ductile connection, in addition to a ductile 
connector, the criteria of capacity design shall be applied, under-proportioning the connector 
with respect to the lateral parts.  
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2.3 Classification of joints in a precast structure  
Connections in general, for precast concrete structures, are to be made in situ and have to 
respond the following criteria: 
- respond to designed schemes; 
- guarantee simplicity and speed of execution; 
- respect the necessary tolerances of execution. 
 
According to the position in the overall construction and of the consequent different structural 
functions, joints can be divided in seven different orders: 
1.  Mutual joints between floor or roof elements (floor-to-floor) that, in the seismic 
behaviour of the structural system, concern the diaphragm action of the floor;   
 
Figure 2 - Connection between hollow-core precast concrete slabs 
 
2. joints between floor or roof elements and supporting beams (floor-to-beam) that give 
the peripheral constraints to the floor diaphragm in its seismic behaviour;   
 
Figure 3 - Connection between hollow-core precast concrete slabs and precast beams 
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3. joints between beam and column (beam-to-column) that shall ensure in any direction 
the required degree of restraint in the frame system (which is the category we are going 
to analyse in our work of research); 
 
Figure 4 - Beam-column connection with weld plates cast into beams and columns 
4. joints between column segments (column-to-column) used for multi-storey buildings 
usually for dual wall braced systems;   
 
Figure 5 - Dry connection between two columns 
5. joints between column and foundation (column-to-foundation), able to ensure in any 
plane a fixed full support of the column;   
 
Figure 6 - Precast foundations set to host precast columns 
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6. fastenings of cladding panels to the structure (panel-to-structure) to ensure the stability 
of the panels under the high forces or the large drifts expected under seismic action;   
 
 
Figure 7 - Connection between footing and precast panels 
 
7. joints between adjacent cladding panels (panel-to-panel) possibly used to increase the 
stiffness of the peripheral wall system and to provide an additional source of energy 
dissipation. 
 
Figure 8 - Vertical joint between precast panels 
 
Furthermore, it’s useful to say that, for buildings, whether they are residential, public or 
industrial, neither simple bearings working by gravity load friction nor sliding and elastic 
deformable supporting devices can be considered in this classification, both of the them 
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definitely not being suitable for the transmission of seismic actions.  
 
Figure 9 – Simple beam-to-column connections in precast concrete skeletal frames 
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2.4 General overview according to the current regulations and European 
prescriptions  
Just until recently, precast concrete structures could be built in areas of high seismicity, only 
under enabling provisions allowed by the codes: <<if it is demonstrated by experimental 
evidence and analysis that the proposed system will have a strength and toughness equal to or 
exceeding those provided by a comparable monolithic reinforced concrete structure>> (ACI 
318, Building Code Requirement for Structural Concrete).  
– The first set of specific design provisions ever developed in the USA for 
precast  concrete structures in regions of high seismicity dates back to 1994, with the 
edition of the   National Earthquake Hazards Reduction Program (NEHRP) 
Recommended Provisions, issued by the Building Seismic Safety Council (BSSC); it 
presents the various alternatives for the design of precast lateral-force-resisting 
systems: 
1) Monolithic emulation (trying to recreate the ideal behaviour of fully fixed connection); 
2) “Wet” connection, that connects precast and cast-in-place elements where mortar is 
used  to cover the stirrups over the beam (they work like partially fixed connections) 
3) Jointed Precast (dry connections), without the use of mortar (they work like hinged 
connections). 
 
– In the Eurocodes, instead, there is an explicit distinction in three types of connections, 
specifically for steel structures (EC 1993-1-8:2006), from the point of view of the stiffness 
(see Figure 10, rigid, semi-rigid, flexible connections) and the point of view of the 
resistance (full-strenght, partial-strenght or pinned, as explained in Figure 11), distinction 
that is missing for concrete structures.  
 
 
Figure 10 – Experimental characteristic curves for  M-φ relations in steel structures’connections 
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Figure 11 – Classification of steel connections according to ductility (EN 1993-1-8:2005) 
 
where: 
▪          Pinned  - a joint which may be assumed not to transmit bending moments; sometimes 
referred to as a “simple” connection, it must also be sufficiently flexible to be regarded as a pin 
for analysis purposes. 
▪         Semi-rigid - a joint which is too flexible to qualify as continuous, but is not a pin (often 
called “semi-continuous”); the behaviour of this type of joint must be taken into account in the 
frame analysis. 
▪         Rigid - a joint which is stiff enough for the effect of its flexibility on the frame bending 
moment diagram to be neglected; sometimes referred to as “continuous”; they are, by definition, 
moment-resisting. 
▪ Simple joints - are described as “nominally pinned” rather than pinned, since it is 
accepted that some moment is transferred, but these moments are insufficient to adversely 
affect the member design.  
▪ Continuous joints - are described as “rigid joints”: connections designed for strength 
alone can be considered as rigid. 
▪ Semi-continuous joints - are “semi-rigid” and are usually also “partial strength”. These 
are described as ductile connections and are used in plastically designed semi-continuous 
frames. 
 
– Italy stays in line with the prescriptions made by the Eurocodes and, when it comes to 
connections, there is still not a real distinction for precast concrete structures. In the 
prescriptions, that are merely a translation from the Eurocode 2, it is not allowed to have 
simple bearings in which horizontal forces are transmitted just by friction (as already 
mentioned in D.M.LL.PP. 3 Dicembre 1987) with the exclusion of seismic areas: the big 
earthquakes striking in Friuli in 1976 and in Emilia in 2012 show how much vulnerable 
industrial buildings with this kind of connection were, being the lack of bearing the first 
cause of collapse, in case of seismic happening. 
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Hence, precast concrete structures were traditionally designed as moment resisting frames with 
plastic hinges occurring at the column base and beams hinged to the columns, but a ductile 
moment resisting connection between the column and the beam can provide, with respect to a 
simply supported precast beam, the advantage of designing continuous beams with a reduced 
beam depth, or with an increase of either span length or carried load; furthermore, a seismic 
resisting frame can develop plastic hinges at the beam-column joints, in addition to those at the 
column base. Since the seventies, it is possible to find in the literature a lot of researches and 
examples of precast structures emulating the behaviour of reinforced concrete cast in-situ 
seismic resistant frames: in Figure 12 e.g., an equivalent monolithic moment resisting structure 
is shown, where the cruciform prefabricated beam-column elements are joined one to each 
other in the middle of the beam length, so that the plastic hinges can develop at the beam ends; 
in this solution, according to the capacity design criteria, the beam joints located in the middle of 
the beam are stronger than the plastic hinges which form at the beam ends.  
Other equivalent monolithic solutions need casting in place of concrete to develop a joint 
between the precast beams and the column and the need to ensure the reinforcement 
anchorage of the jointed elements, for moment transmission causes an unavoidable joint 
reinforcement congestion (Figure 12.b). 
      
 
Figure 12 – Example of equivalent monolithic system for precast moment resisting frames (a); 
Structure realized in Japan: detail showing the joint extrados after the floor positioning (b) 
 
– In Romania, there is a long tradition of buildings in precast reinforced concrete, whose 
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structures were conceived with semi-rigid connections; the main classification of joints 
can be recollected from prof. O. Mîrşu (Mîrşu and Friedrich, 1980), who divided beam-to-
column joints in: 
• articulated; 
• partially fixed; 
• totally fixed. 
 
More recently the topic has been approached from two aspects (Crainic, 2003), from the 
technological point of view and from the execution one; according to the execution criteria, 
connections are divided in: 
• monolithic connections in reinforced concrete, resulting from a cast-in-situ 
pouring of concrete in the connection area (Figure 13.a); 
• welded connections, also referred to as “dry” (Figure 13.b); 
• mixed connections, in which we have a welded connection and a cast-in-situ 
pouring of concrete in the construction site (Figure 13.c). 
 
 
  
 
Figure 13 – Beam-to-column connections: monolithic, wet and dry, respectively (a), (b) and (c) 
 
From the point of view of the technology of construction and the degree of continuity criteria, we 
can find three categories: 
• connections with full continuity, that can transfer bending moment as well as the 
monolithic joints in reinforced concrete; 
• connections with partial continuity, that can transfer bending moment in a limited 
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portion compared to the previous one; 
• connections without continuity, whose behaviour can be assimilated to the 
articulated ones. 
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2.5 Typologies of beam-to-column joints 
 
The kind of beam-to-column connections mostly used in constructions are basically four: 
2.5.1 cast-in-situ; 
2.5.2 with dowels; 
2.5.3 with mechanical couplers; 
2.5.4 hybrid; 
 
2.5.1 Cast-in-situ connections 
 
Figure 14 – Connections on top of the column, in an intermediate storey,  
                               out of the critical regions, respectively (a), (b) and (c) 
The figure above shows typical cast-in-situ connections between beams and columns placed in 
different positions:  
• in the case (a) the connection is placed on the top of the column, from which the 
longitudinal bars protrude into the joint and overlap with those protruding from the 
beams; a concrete casting conglobates the overlapped bars in the joint (the size of the 
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joint shall provide the room necessary for the required overlapping lengths). This type of 
connection ensures the transmission of forces and moments among the elements 
without sensible displacements and it falls within the possible critical regions of the 
resisting frame under seismic actions; 
• in the case (b) the connection is placed at an intermediate storey and is divided into two 
separate parts, one at each side of the column; proper bars protrude from the column 
into the lateral joints and overlap for the necessary length with those protruding from the 
beams; in this way the continuity of the column with its reinforcing bars is saved. 
Connections of this type ensure the transmission of forces and moments among the 
elements without sensible displacements and they fall within the possible critical regions 
of the resisting frame under seismic actions.  
• in order to move the connections out of the possible critical regions of the beams the 
solution (c) may be adopted instead.  
This type of connection provides a monolithic union of the beam on the joint, ensuring a full 
support with the transmission of internal forces and moments, nevertheless, in all the three 
cases described above proper temporary props shall be provided to the beams in the transient 
situations of the execution stages.  
 
Failure modes  
o Flexural failure of the connection referred to the yielding of the longitudinal tensioned bars;   
o bond failure of the anchorage of the tensioned bars;   
o longitudinal shear failure at the interface between the precast beam and the cast-in-situ 
slab.  
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2.5.2 Connections with dowels  
 
Figure 15 – Beam-to-column connection with two dowels (a) or one dowel (b) 
The figure above shows the end connection of a beam to a supporting column: two dowels 
protrude from the top of the column and enter into the sleeves inserted in the beam. The 
sleeves are filled with no-shrinkage mortar of adequate strength to ensure by bond the 
anchorage of the dowels (the anchorage can also be ensured providing the dowels with a cap 
fixed at the top with a screwed nut, like in Fig.17); in any case, the sleeve shall be filled in with 
mortar to avoid hammering under earthquake conditions. The same technology can also be 
applied using only one dowel; in the transverse direction, though, the use of two dowels improve 
the resistance against overturning moments; due to the much lower stability against overturning 
moments, the use of one only dowel is not recommended especially with reference to the 
uneven load conditions during the construction stages.  
                                        
Figure 16 – Example of positioning the dowels Figure 17 – Dowels fixed at the top with a screwed nut
The beam usually is placed over a pad to localise the load (see Figure 18): if deformable rubber 
pads are used, due to their much lower stiffness, all the loads applied after their bond 
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anchorage will be conveyed into the steel dowels and this will cause a local splitting damage of 
the concrete around the dowels; the use of rigid steel pads, on the contrary, will prevent this 
effect. To avoid local splitting damage, rubber pads can be used with non-adherent dowels, but 
this would require a different device to transfer horizontal seismic actions without hammering; as 
a general rule, a proper confinement shall be provided at the column top with additional stirrups 
and steel links. At the beam edge, horizontal anchored hooks in front of the dowels shall be 
provided in order to restrain them in case of spalling of the concrete cover.  
 
 
Figure 18 – Rubber pads between the sleeve of the beam and the cantilever of the column 
 
This type of connection provide a hinged support in the vertical plane of the beam and a full 
support in the orthogonal vertical plane:  
- in the longitudinal direction of the beam the horizontal force R is transmitted through the 
shear resistance of the connection (Figure 19.a), which is given by the shear resistance 
of the dowels and their local flexure between the elements in correspondence of the 
bearing pad;  
- in the transverse direction, omitting the vertical gravity loads, the connection transmits a 
shear force V together with the corresponding moment M (Figure 19.b).  
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Figure 19.a – View of connection in longitudinal direction     Figure 19.b - View of connection in transverse direction 
 
Failure modes  
o Breaking of the dowel connection due to combined shear, tension and flexure on steel 
bar and bearing stresses on concrete;  
o spalling of the concrete edge of the beam due to tensile stresses;  
o spalling of the concrete edge of the column due to tensile stresses.  
o flexural failure of the bearing section due to the action of M;   
o pull-out of the tensioned dowel under the action due to M;   
o sliding shear failure under the action of V.  
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2.5.3 Connections with mechanical couplers  
This type of connections refers to over-designed mechanical devices that realize the flexural 
continuity between the connected members through high resistance bolts. In general, the 
mechanical couplers can be divided in three big categories: 
- Mechanically Bolted Couplers: suitable where it is not convenient to have the bar ends 
prepared. The bars are supported on two serrated saddles within the coupler and are 
locked in place by a series of lock-shear bolts;  
  
Figure 20 – Mechanically bolted couplers 
- Parallel Threaded Couplers: suitable for use on large scale, high coupler volume 
projects where they offer a cost-effective solution. The bar ends are enlarged and a 
parallel thread is cut onto the bar to suit the threaded coupler, which is then tightened 
using a pipe or chain wrench. 
 
Figure 21 – Parallel threaded couplers 
- Anchors: create an anchorage in the concrete, replacing the need for cogged or hooked 
bar ends. 
 
Figure 22 – Anchor couplers 
The gap between beam and column must be filled with high resistance no-shrinkage mortar to 
ensure the continuity of the all members, and the mortar shall have at least the same resistance 
of the concrete.  
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Figure 23 – Beam and column connected by couplers with gap filled with mortar 
The figure above shows in plan and elevation the end connection of a beam to a column in the 
typical arrangement of a half-joint, while the details of the coupling devices are shown in the 
following figure.  
 
Figure 24.a – Coupling devices connected with steel plates connected to the bars 
 
 
Figure 24.b – Coupling devices 
In the case (a) of this figure the reinforcing bars are connected to two plates placed in each 
member; bolts are placed between the plates to realize the connection. In the case (b), one 
plate, to which the reinforcing bars are fixed, is placed on the beam, while the column is 
provided with a reinforcement with a threaded end, in which the coupling bolt is directly 
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screwed. This type of connection is normally used in combination with dowels, as it can be seen 
in the following point (2.5.4), and can be activated in a second stage during erection; 
furthermore, it provides a clamped support: the bolts are mainly acting in tension, but, in some 
cases, they can also act in compression (if a proper counter-nut is provided). In the longitudinal 
direction, the horizontal force due to the bending moment is directly transmitted to the 
reinforcing bars through the connection, while the mortar filling acts in compression under 
flexure. The shear force coming from the beam is assumed to go entirely on the corbel standing 
out from the column. Since normally this type of connection is used in addition to dowels, the 
horizontal shear transmission and the flexural transverse resistance are still carried by the 
dowels; when the mortar filling is hardened, the union between the beam and the joint can be 
considered as monolithic.  
 
Failure modes  
o breaking of the coupler (bolt);   
o excessive deformation of the supporting plate(s);   
o detachment of the reinforcing bars. 
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2.5.4 Hybrid connections 
 
Figure 25 - View of connection in transverse direction 
 
Figure 25 shows the end connections of beams to the corbels standing out from a supporting 
column: the term “hybrid” refers to the connection arrangement made at the upper part with 
additional bars and cast-in-situ concrete proper of an emulative joint, and, at the lower part, with 
mechanical steel devices proper of a typical joint. The upper cast-in-situ slab is connected to the 
precast beams by the protruding stirrups that resist the longitudinal shear transmitted through 
the interface, while the lower connection can be made with a welded solution. In both stages of 
hinged (first) and (then) fixed support, the shear force coming from the beam is assumed to go 
entirely on the corbel standing out from the column.  
 
Figure 26 - View of connection in transverse direction 
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Here it is shown the resisting mechanisms, respectively for negative and positive moments:  
- in the first mechanism, on the left, the tensile force Z acts in the longitudinal bars added 
in the cast-in-situ upper slab and the compressive force C (=Z) comes from the bottom 
weldings with a lever arm z’;  
- in the second mechanism, the one on the right, the compressive force C acts in the cast-
in-situ upper slab and the tensile force Z (=C) comes from the bottom weldings with a 
lever arm z.  
 
Failure modes  
For a negative moment the principal failure modes are listed hereunder: 
o flexural failure of the connection referred to the yielding of the longitudinal upper bars; 
o bond failure of the anchorage of the upper bars;   
o longitudinal shear failure at the interface between precast beam and cast-in-situ slab; 
o failure of the bottom connection between the rib and the supporting flange.  
For a positive moment the principal failure modes instead, are: 
o flexural failure of the connection referred to the rupture of the bottom connection;   
o longitudinal shear failure of the interface between precast beam and cast-in-situ slab. 
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3. THE STATE-OF-THE-ART IN SEISMIC PROTECTION OF BUILDINGS 
 
 
3.1 General definition and basic concepts 
 
Over the last half-century, a large amount of research has been conducted into 
developing innovative earthquake-resistant systems in order to raise seismic 
performance levels, while keeping construction costs reasonable; most of these 
systems are designed to dissipate seismic energy introduced to a structure by 
supplemental damping mechanisms.           
These are special devices often referred to as “mechanical dampers” and the 
mechanical energy dissipation reduces the energy dissipation demand on the structural 
systems, thereby decrementing its dynamic response during an earthquake. 
Furthermore, the main elements of the structure are protected by diverting the seismic 
energy to these mechanical devices that can be inspected and even replaced following 
an earthquake; ideally, if all the seismic energy is absorbed by the mechanical dampers, 
the main structure will not sustain any damage. Hence, the main purpose of using 
supplemental damping systems (briefly referred to as dampers) is to dissipate a 
significant portion of the seismic input energy into the structure.    
Research in this field started in New Zealand and it is not rare that supplemental 
damping systems are used in conjunction with lateral-load resisting elements (i.e. 
bracing members and walls that can also be effecting in resisting wind loading), but 
usually they are distributed throughout a structure to absorb either kinetic or strain 
energy transmitted from the ground into the primary structure.     
When a structure is equipped with a supplemental damping system, its seismic 
response is greatly altered; although the intention of any seismic protection system is to 
improve the performance of a structure, because of the complexity of the dynamic 
response of the structure to earthquake ground motion and the uncertainty associated 
with ground motion characteristics, this is not guaranteed.      
A thorough understanding of the impact of adding supplemental damping to a structure 
is therefore necessary to ensure the effectiveness of the system. 
Let’s consider a practical case: the portal frame illustrated in the following figure has a 
natural period of 1s with a damping ratio ξ=5%; in figure 2, the same portal frame is 
equipped with a supplemental damping device.  
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Figure 1 - Portal frame                    Figure 2 - Portal frame with added damper 
                    
In figure 3, the elastic acceleration and relative displacement response spectra are 
plotted for El Centro earthquake (Imperial Valley, CA) and for different values of 
structural damping. 
 
 
Figure 3 - Elastic response spectra for 1940, El Centro (S00w Component):  
          a) absolute acceleration                   b) relative displacement 
 
Point A denotes the maximum acceleration and displacement response of the bare 
portal frame; if enough supplemental damping is provided to this structure by the added 
damper such that its damping is increased up to ξ=20% of critical without altering its 
natural period, the response of this upgraded system is indicate by point B. Both the 
maximum absolute acceleration and the maximum relative displacement are reduced.   
However, if the addition of the supplemental damping device increases the stiffness of 
the system such that the natural period of the system is reduced to 0.55s, while 
increasing the damping to ξ= 20% of critical, the maximum absolute acceleration of the 
structure increases (it can be seen comparing point C with point A), because the 
reduction of the natural period is associated with larger spectral acceleration for this 
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earthquake. Point D corresponds to the response of the portal frame with the added 
damper, if the damper does not dissipate any energy but simply acts like an added 
bracing element, which reduced the natural period of the bare portal frame to 0.55s. It 
has to be noted that, the response of the main structural elements is considered linear 
elastic, whereas in reality they might undergo inelastic deformations and the extension 
of the problem in this sense is significantly more complex and cannot easily or 
effectively be captured by examining only elastic response spectra, in which case, 
energy methods are the most suitable for assessing the effectiveness of supplemental 
damping on the seismic response of a structure. 
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3.2 Brief history of supplemental damping systems 
The development of supplemental damping systems is intimately linked to the 
development of earthquake engineering for which foundations were laid in the XIXth 
century by British scientists, but the early technical development can be attributed to the 
pioneering work of Housner (1956), who laid out the foundations of the seismic design 
of structures based on energy concepts.  
The concept of using separate elements to increase the damping in a structure was first 
postulated in the late Sixties in Japan (Muto, 1969) and in the early Seventies in New 
Zealand (Kelly et al. 1972, Skinner et al. 1975): these original studies have led to the 
development of a variety of metallic dampers, in which increased damping is achieved 
through the dissipation of hysteretic yielding elements. One of the first applications of 
metallic dampers in structural systems took place in the South Rangitikei viaduct in New 
Zealand in 1981: this railroad bridge is 70 m tall, with six spans of pre-stressed concrete 
hollow-box girders and overall length of 315 m; this structure is based isolated to allow 
for the sideways rocking of pairs of slender reinforced concrete piers. Torsional metallic 
dampers here are used to increase damping and limit the amount of rocking. 
 
 
Figure 4 - South Rangitikei viaduct 
 
Similarly, the concept of introducing friction damping systems in seismic design, 
originated in New Zealand in the Seventies, took off thanks to the pioneering work on 
friction dampers in the Eighties in Canada: they first appeared in fact in a building at the 
Library of Concordia University in Montreal. 
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 Figure 6 – Friction dampers at the Library of     Figure 7 – Particular of the friction damper 
       Concordia University in Montreal    
 
The development of fluid-type viscous dampers for seismic design instead, primarily 
took place at the University of Buffalo in the early Nineties and they were first used in a 
building in 1995 for the new three-storey Pacific Bell North Area Operations Center in 
Sacramento, CA.            
In the last two decades, supplemental damping systems have gained acceptance and 
have been implemented in hundreds of buildings around the world, in a wide variety for 
various applications: metallic dampers, friction dampers, viscoelastic dampers, fluid 
viscous dampers and semi-active and active control systems (they will be described 
more in detail in the next paragraph); their application has been influenced by the 
occurrence of major earthquakes near densely populated areas and also by economic 
development. Take Japan, as an interesting example from this point of view: during the 
period of its largest economic growth (1985 to 2004), it became the leading country in 
terms of the number of buildings incorporating seismic isolation technique after the 1995 
Kobe earthquake, partly due to the catastrophic human and economic loss and partly 
because the seismic isolation techniques had matured to the point that widespread 
application was feasible. 
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3.3 Categories of seismic protection systems 
As shown in the following table, each group incorporates a different approach to 
mitigate the effects of earthquake on structures. 
Conventional 
Systems 
Supplemental Damping Systems 
Isolation  
Systems Passive Dampers 
Semi-active/ 
Active Dampers 
Flexural Plastic Hinges Metallic  Braces  Elastomeric 
Shear Plastic Hinges Friction  Tuned-Mass Lead-Rubber 
Yielding Braces Viscoelastic Variable Stiffness High Damping Rubber 
 Viscous Variable Damping Metallic 
 Tuned-Mass Piezoelectric Lead-Extrusion 
 Self-centering Rheological Friction Pendulum 
 
Table 1 – Seismic protection systems 
 
Conventional systems are based on the traditional seismic design philosophy that leads 
to energy dissipation through stable inelastic mechanism, that can be achieved through 
flexural hinging of the beams, columns and walls, through axial tension-yielding 
compression-buckling of the brace elements and through shear hinging of steel 
elements. These energy dissipation mechanisms can lead to a good seismic 
performance, if proper capacity design principles are enforced; however, the hysteretic 
energy used to dissipate the seismic input energy in these systems corresponds directly 
to structural damage that is tolerated as long as the gravity load-carrying capacity of the 
structure is not jeopardized. Supplemental damping systems instead, can be divided in 
two categories: passive systems and semi-active/active systems; passive energy 
dissipation systems are intended to dissipate a portion of the seismic energy input to a 
structure without external power sources, such as actuators, power supplies, 
computers, etc., necessary for active control technology and are activated by the 
movements of the main structural systems. It is deliberately chosen not to talk about 
seismic isolation systems, in order to stay focused on the supplemental damping 
systems, that are part of the background of this little work of research. 
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3.4 Active, semi-active and passive systems 
As introduced before, supplemental damping systems can be divided into three wide 
categories: 
- Active systems; 
- Semi-active systems; 
- Passive systems; 
and the main difference among them will be briefly discussed in this section. 
 
3.4.1 Active systems 
They are designed to monitor the current state of a structure at a given time, process 
the information and, in a short time, apply a set of internal forces to modify the state in a 
more desirably way. These kind of systems are composed of three integrated 
components: 
1. a monitoring system that is also able to sense the state of the structure and to 
record the associated data through an electronic data acquisition system; 
2. a control system that receives the data from the monitoring system and decides 
on the countermeasures to be applied; 
3. an actuating system that physically applies these countermeasures to the 
structure. 
Therefore, active systems require a continuous external power source to operate 
properly and this is the most significant limitation on their seismic application: during a 
strong earthquake in fact, the electric transmission and distribution system can fail and 
even backup electrical generating systems can be damaged; furthermore, the control 
algorithm may become unstable during strong seismic shaking and/or operating 
conditions. These concerns have limited the implementation of these systems for 
seismic control of civil engineering structures worldwide, with the only exception of 
Japan. 
 
3.4.2 Semi-active systems 
They are in the same category as active systems except that they require a relatively 
small amount of external energy without the need for a global monitoring system. The 
control is limited to modifying the local properties of the dampers, such as the geometry 
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of the orifices in a fluid damper, which eliminates the possibility of instability; for this 
reason, meaning the low dependence on external sources and the removal of instability 
concerns, research on semi-active systems has intensified in the recent years, however 
not reaching widespread level of application in Europe and North America. 
 
3.4.3 Passive systems 
They are intended to operate without external power supply, actuators, or computers.  
By definition, passive systems have properties that cannot be modified during the 
seismic response of the structure; since seismic input energy is contained in a relatively 
narrow frequency band, passive systems have shown to be an effective, robust and 
economical solution: their implementation outdistanced significantly the two others. 
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3.5 Type of passive energy dissipating systems 
As shown in table 2, there are three categories of passive energy dissipating systems: 
1. Displacement-activated devices; 
2. Velocity-activated devices; 
3. Motion-activated devices. 
 
Displacement-activated Velocity-activated Motion-activated 
Metallic dampers Viscous dampers Tuned-Mass dampers 
Friction dampers   
Self-centering dampers   
Viscoelastic dampers  
 
Table 2 – Categories of passive energy dissipating systems 
 
 
3.5.1 Displacement-activated devices 
These devices dissipate energy through the relative displacement occurring between 
their connected points, and normally this typology of dampers is independent of the 
frequency of the motion and the forces they generate are usually in phase with the 
internal forces resulting from shaking. Therefore, the maximum forces generated by the 
dampers occur simultaneously with the maximum internal forces that arise at the end of 
a vibration cycle, corresponding to the peak transient deformations of the structure.  
Typical dampers falling in this category are:  
 
a. metallic dampers; 
b. friction dampers; 
c. self-centering dampers; 
d. (viscoelastic dampers). 
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3.5.1.a Metallic dampers 
Also known as Added Damping and Added Stiffness (ADAS), this metallic damper 
consists of triangular steel plates that deform in flexure; originally manufactured by 
Betchel Corporation, is installed between the apex of chevron bracing elements and the 
underside of the roof beam and dissipates energy through the relative horizontal 
displacement between the apex of the braces and the roof beam. 
 
 
 
 
 
Figure 7 – Examples of Metallic Damping Systems: X-ADAS in the first line  
(hourglass shape) and T-ADAS Damper in the last line (triangular shape) 
 
 
 
3.5.1.b Friction dampers 
As follows, figure 8 shows an example of a friction damping system installed at the 
intersection of steel cross bracing elements in a reinforced concrete framed structure: 
this system, manufactured by Pall Dynamics Ltd., dissipates energy through the sliding 
of superposed slotted plates. While metallic dampers take advantage of the hysteretic 
behavior of metals, when deformed into the post-elastic range, to dissipate energy, 
friction dampers dissipate the seismic energy by the friction developing at the interface 
between two solid bodies sliding relatively to each other. 
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Figure 8 – Examples of Friction Damping System: Pall Damper 
 
Figure 9 - Friction dampers installed as diagonal and chevron bracing 
 
It goes without saying that, both type of dampers exhibit hysteretic behaviour that can 
be idealized by an elastic-perfectly plastic load displacement relationship. 
	  
Figure 10 - Idealized Load-Displacement relationship for metallic and friction dampers 
 	  
For metallic dampers, the load Fa is the load necessary to activate the damper and it 
corresponds to the yield load: while for the friction damper, Fa corresponds to the slip 
load of the damper. Moreover, in the case of most friction dampers, the coefficient of 
elastic stiffness k is actually very steep, thing that make it more similar to a rigid-
perfectly plastic response, even though they are mostly used in a bracing configuration 
	  
	  
	   56 
and the elastic stiffness can be associated with the stiffness of the connecting bracing 
elements. 	  
 
3.5.1.c Self-centering Dampers 
This type of dissipative devices is characterized by the presence of a re-centering force 
that mitigates, and may even eliminate, the residual deformations in buildings after 
earthquakes (A. Braconi, F. Morelli, W. Salvatore, 2012). They represent a new class of 
seismic lateral force resisting systems recently developed; damage-resistant systems 
that can reduce or prevent structural damage to non-replaceable elements by softening 
the structural response through elastic gap opening mechanisms, instead of yielding in 
primary structural elements; dissipation of seismic energy can also include friction 
elements or replaceable yielding energy dissipation elements. These systems are 
known as “self-centering” systems, due to their inherent ability to return to a plumb, 
upright condition after an earthquake. As follows, they are described more in details. 	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3.6 Self-centering Dampers	  
As already introduce before, all the structures, even those designed in accordance with 
the most modern buildings codes are expected to sustain damage to structural and non-                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
structural components during a moderately severe earthquake, but at the same time, 
they are still expected to protect the lives of the occupants.  
 
Figure 11 - Idealized seismic response of yielding structure 	  
The figure above shows the idealized force-displacement response of a linear elastic 
system and of a system representing a yielding structure of equal initial stiffness and 
mass. The maximum seismic force induced in the yielding system is significantly lower 
than that of the linear elastic system, whilst the maximum displacement of the yielding 
system can be smaller, similar, or larger than that of the elastic system, depending on 
the characteristics of the ground motion, the natural period and the strength of the 
yielding system. The shaded area is the energy dissipated per cycle through hysteretic 
yielding. Designs aiming to maximizing the inelastic response of the main structural 
elements are usually more appealing from the point of view of the initial cost, but hide 
two big drawbacks: 
 
1- The elements of the principal lateral force resisting system (i.e. sacrificial 
damping elements or structural member) will be sacrificed in moderately strong 
earthquakes and in need of repair, or damaged beyond repair in strong 
earthquakes;	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2- The current design approaches are based on the fact that large energy 
dissipation capacity is necessary to mitigate the effects induced by 
earthquakes.	  	  
As a large fraction of seismic input energy is expected to be dissipated by hysteresis 
(“fat” hysteresis loop), significant residual displacements are expected in a building after 
an earthquake, and if too excessive they can lead to the total loss of the structure: the 
second order effects (P-Δ) induced by gravity loads in fact, can bring the system near 
collapse. 
Current seismic design philosophies emphasize the important quality of structural 
systems of undergoing inelastic cycles during earthquake, while sustaining integrity; 
otherwise designing a structure able to withstand earthquakes elastically would have 
high economical disadvantages. Hence, most structures designed according to these 
codes will sustain residual deformations for DBE (design-basis earthquake), though 
performing exactly as expected: the result is a partial or total loss for the structure 
performance and an increased cost of repair or replacement of non-structural elements, 
as the new at rest position of the building is altered.       
To address these shortcomings with current seismic resisting systems and to work 
towards more resilient and sustainable buildings, a new class of seismic lateral force 
resisting systems that sustains little or no damage under severe earthquakes has been 
developed: in this frame, self-centering systems happen to have characteristics that 
minimize residual deformations and that are economically viable alternatives to the 
current systems.            
These new seismic lateral force resisting systems reduce or prevent structural damage 
to non-replaceable structural elements by softening the structural response elastically 
through gap opening mechanisms instead of yielding in primary structural elements. To 
dissipate seismic energy, friction elements or replaceable yielding energy dissipation 
elements are also included. Furthermore, post-tensioning (PT) is often used as a part of 
these systems to return the structure to a plumb, upright position (self-center) after the 
earthquake has passed.  
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3.6.1 Ancient applications of self-centering systems 	  
The basic constructing technique in the Antiquity consisted in structural elements, such 
as stones, blocks or segments stacked together, in a size determined by each 
civilization’s ability to transport them and to lift them into position.	  
	  
Figure 12 - The Parthenon temple, in Athens acropolis	  
To transfer lateral loads, these systems relied on their self-weight and transferring shear 
and torsion was due to the friction along the interfaces: for these reason many of them 
displayed a rocking behavior when subjected to lateral loading. The columns of these 
temples were carved cylindrical marble elements from 0.60 m to 1.00 m in height, 
interconnected by a poured lead shear and torsion key. 	  
	  
Figure 13 - Columns of Athena temple in Priene	  
Marble was the main material composing all the structural elements, and the self-weight 
of the columns, beams and roof provides an appreciable amount of pre-compression to 
the segmental columns and generates moment resistance at the segment junctions and 
at the base. Under lateral loading instead, as in the case of a major earthquake, the 
segments separate and relatively deform through a combination of rocking and sliding 
motions, while the lead shear keys are expected to deform beyond their elastic limit 
dissipating energy while sliding and rocking motions occur. From a behavioural point of 
	   60 
view, gap opening provides rocking systems’ nonlinear softening behavior, while still 
allowing the structure to remain elastic: the rocking response significantly decreases the 
lateral stiffness of the system relative to the initial elastic stiffness, and coupled with 
yielding of steel, effectively limits the peak base overturning moment that can develop. 
Despite the fact that it is not certain if these structures have been designed to resist 
earthquakes, we can still observe that the majority of them have admirably resisted 
multiple major seismic events in the Mediterranean area.  
 
3.6.2 Self-centering seismic lateral resisting systems: overview of behavior 
This type of dissipative device is characterized by the presence of a re-centering force 
that mitigates, and may even eliminate, the residual deformations in buildings after 
earthquakes; the first characteristic of these systems is that the restoring force 
component that often utilizes a gap opening mechanism: it combines with an energy 
dissipating element to produce flag-shaped load-deformation behavior.  
 
 
Figure 14 - Idealized seismic response of self-centering structures  
The system returns to zero-force, zero-displacement point at every cycle and at the end of the 
seismic loading, which is more important, eliminating residual drift and the shape of the 
hysteretic response can be tuned by the proportion of restoring force and energy dissipation 
components. As follows, two expected behaviours of buckling restrained braced frames are 
examined: in figure 15.a, the backup system providing a linear elastic restoring force is 
combined with an elastic-perfectly plastic lateral force resisting system to potentially reduce 
residual drifts through probabilistic self-centering.                
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Full self-centering, instead, is usually achieved using a nonlinear elastic restoring force such as 
the bilinear elastic restoring force shown in figure 15.b.	  
	  
	   	   	  	  	  	  	  	  	  	  (a)                 (b)	  
Figure 15 - Need for nonlinear elastic restoring force to create full self-centering:	  
               (a) Added restoring force, but not full self-centering;	  
                      (b) Full self-centering made possible by nonlinear elastic restoring force.	  
 
The most common approach for creating a bilinear elastic restoring force involves gaps forming 
between two surfaces that are initially pre-compressed together; this behavior can 
be   summarized in three categories:	  
1.  Rocking systems; this category, including rocking precast concrete walls, precast 
concrete columns, or rocking steel concentrically braced frames, forms a gap at the 
foundation when subjected to a prescribed overturning moment. When the lateral forces 
causing the overturning moment are removed, vertical unbonded post-tensioning (PT) 
steel pulls the structure back to a vertical, plumb condition, closing the gap;	  
2.  self-centering moment resisting frames, such as precast concrete moment frames, 
steel moment frames or coupled concrete shear walls, which allow gap opening 
between beam and column (or wall) joints when subjected to a prescribed moment. 
When the lateral forces causing the moment are removed, the gap is closed by 
compression forces provided by unbonded horizontal PT steel;	  
3.  last category includes self-centering braces, in which a gap forms between 
telescoping concentric tubes and anchorage plates when subjected to a prescribed axial 
force. Once the axial force is removed, the gap is closed and the tubes are brought 
back into alignment by PT steel oriented longitudinally along the length of the concentric 
tubes.	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3.6.3 Early-modern applications of self-centering systems	  
If we combine the concept of rocking behaviour with the recent developments in terms 
of added energy dissipation devices, we can observe the flourishing of structures, 
conceptually similar to the ancient monuments, developed during the last 20-30 years. 
These systems exhibit self-centering response and they can be divided in the following 
categories: 	  
a. brace configuration using shape memory alloy;	  
b. mechanical devices (EDR); 	  
c. mechanical devices using ring springs;	  
d. post-tensioned frames and wall systems;	  	  	  
3.6.3.a S.M.A.	  
Results of the alloying of three different materials, Shape Memory Alloys (SMAs) are a 
class of materials with the remarkable ability to develop the so-called superelastic 
behaviour. The most widespread among them is NiTi-NOL, incorporating 49% of Nickel 
and 51% of Titanium; copper or zinc, present in a very low percentage, should also be 
alloyed to produce this particular behaviour.       
Manufacturing process and alloying temperature range  determine the different 
molecular rearrangements of the crystalline structure of the material itself, since 
chemical phases change with the increase of alloying temperature:	  
− low alloying temperature in fact, involves a fully martensitic microstructure;	  
− high alloying temperature involves a fully austenitic structure.	  
The following figure shows how the hysteretic behaviour of SMAs changes according to 
the alloying temperature: applying a cycle loading to a fully martensitic microstructure 
(low alloying temperature) will give us a viscoplastic behaviour, while a fully austenitic 
microstructure will lead to a linear elastic behaviour. 
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             (a)        (b) 
Figure 16 - SMAs hysteretic behavior: 
(a) for Low Alloying temperature;	  
 (b) for High Alloying temperature.	  
 
For intermediate alloying temperatures instead, both phases can co-exist and the 
loading of such an alloy results in a transformation from one phase to another; 
unloading vice versa will lead to a re-transformation into the original phase, occurring at 
a lower stress level than the original transformation: here comes the name of the 
process, superelastic behaviour, that produces an hysteretic effect with near zero 
residual strain, as it is shown as follows.	  
 
Figure 17 - SMAs superelastic behaviour for intermediate alloying temperatures	  
 
It goes without saying that this behaviour has several advantages for supplemental damping 
purposes, exhibiting high stiffness and strength for small strains, while for larger strains 
becomes more flexible. Furthermore, zero residual strain is surprisingly accompanied by the 
ability to dissipate a large amount of energy; the only downside is its sensitivity to fatigue: many 
loading cycles in fact, tend to deteriorate a superelastic behaviour into a classical plastic one, 
with residual strains. We will see more in detail about the characteristics of SMAs in the 
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following chapter (number 4). We conclude this section just reporting two remarkable 
applications of SMAs for seismic retrofits: in San Giorgio bell tower, damaged after the 1996 
Modena and Reggio earthquake in Emilia, treated with Nitinol wires introduced and pre-stressed 
through the masonry walls to prevent tensile stress from occurring during a seismic event and to 
increase the flexural stability of the tower; the second case is the Basilica of St. Francesco of 
Assisi, damaged after two consecutive shocks in the 1997 Umbria-Marche earthquake; here 
SMAs has been used, in the form of post-tensioning rods, to rehabilitate the monument, 
enabling a reduction of the seismic forces transferred to the tympanum as well as control of the 
displacements of the masonry walls. 
 
Figure 18 - (a) San Giorgio bell tower retrofit using four pretensioned steel tie bars and superelastic devices; 
        (b) SMA devices in the Basilica of St. Francesco of Assisi. 
 
3.6.3.b Mechanical devices (EDR) 
The biggest downside of using SMAs for self-centering purposes is in their considerably 
high cost, but there are other mechanical devices that show a flag-shaped hysteretic 
behaviour, though less expensive: they are the Energy Dissipating Restraints (EDR), 
originally developed as seismic restraint devices for the support of piping system in 
nuclear power plants.          
 
Figure 19 - Energy Dissipating Restraint (EDR) 
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Such devices work through a sliding friction mechanism with an internal end stop, that 
limit the range of motion, and their components are shown in the picture above. 
While operating, the compressive force in the spring and friction wedges causes a 
normal force on the cylinder wall, force that is proportional to the force in the spring: the 
normal force and the coefficient of friction between bronze friction wedges and the steel 
cylinder wall determine the slip force in the device. It is changing the length of the 
internal spring in the EDR that it is provided a desirable friction slip force, plus through 
adjusting the lengths of the gaps between the spring ends and the internal stops, as 
well as the preload of the internal spring, that we can reach a wide variety of hysteretic 
behaviours.                  
 
Figure 20 – Hysteresis Loops for various configurations of EDR 
As we can see in the picture, the triangular hysteresis loop is obtained with zero gaps 
and zero spring preload, being the spring force proportional to the device displacement; 
on the contrary, with non-zero spring preload and very large gaps, the device acts as a 
simple friction damper that we saw in the previous paragraphs. Finally, non-zero 
preload but no initial gap, allows to obtain a flag-shaped hysteresis loop.  
 
3.6.3.c Mechanical devices using ring springs	  
The key components here are the ring springs, friction springs that make the device 
achieve strong self-centering abilities. An example in this case is represented by the 
SHAPIA damper, manufactured by a Canadian company, the “Spectrum Engineering”, 
and composed of outer and inner springs with tapered mating surfaces: as the spring 
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column is loaded in compression, the axial displacement is accompanied by the rings 
sliding on the conical friction surfaces.  
 
Figure 21 - The 200kN-SHAPIA damper prototype  
 
The inner rings experience compression, while the outer are subjected to 
circumferential tension. While assembled, the tapered surfaces are properly lubricated 
and a small amount of precompression is given to them: through such fabrication and 
assembling procedures, the friction springs are forced to act always in compression, 
whether they can be subjected to either tension or compression.  
 
Figure 22 - Ring-spring details  
Moreover, the ring springs are designed to remain elastic during a seismic event, so 
that no repair or replacement is required after the shocks. This special friction-based 
damper is designed to display a flag-shaped hysteresis diagram, stable and repeatable. 
 
3.6.3.d Post-tensioned (PT) frame and walls systems 
In this case, the	  capacity of the self-centering seismic systems to resist lateral loads is 
characterized by the sum of two resistances: 
- the resistance due to the restoring forces (PT force, gravity loads) 
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- the force in the energy dissipation element (DE).  
The sum of these two capacities must be greater than the effect of the design lateral 
forces calculated; when the lateral forces that cause an overturning moment are 
removed, unbonded post-tensioning (PT) steel pulls the structure back to the original 
undeformed condition, closing the gap. In this way, by allowing structure elements to 
separate relative to each other, the inelastic demands on the system are 
accommodated.	  	  
3.6.4 Post-tensioned energy dissipating systems  
Conceptually similar to the ancient applications of rocking systems introduced in the paragraph 
3.6.1, the widest variety of modern self-centering systems have been developed over the past 
two decades, beginning with the <<precast concrete moment-frames>> studied in the U.S. 
PRESSS (PREcast Seismic Structural Systems) research program, carried out in the 1990s with 
the coordination of the University of California, San Diego (CA).      
The main aim of this program was to develop innovative seismic resistant solutions, in order to 
replace the emulative cast-in-place concrete - that was pretty much used at that time - and this 
was achieved through the introduction of the unbonded post-tensioning elements that 
accommodate inelastic demands on the systems allowing structural elements to separate 
relatively to each other. Separation can be achieved with numerous structural configurations 
such as beams rocking on columns, segmental columns rocking on each other and on the 
foundations or walls rocking on the foundations. Energy dissipation can be achieved through the 
implementation of replaceable fuse elements, viscous dampers, or through friction.  
Although there is substantial literature related to free rocking systems and their unique issues 
such as tipping over, we want to focus on seismic systems that limit uplift to be relatively small 
compared to the width of the rocking element. 
3.6.4.1 Rocking Systems 
Rocking motion is achieved through the opening and closing of an existing gap, a nonlinear 
softening behavior that still allows the structure to remain elastic.     
The rocking response significantly decreases the lateral stiffness of the system relative to the 
initial elastic stiffness, and coupled with yielding of PT steel, effectively limits the peak base 
overturning moment that can be developed, allowing the main structural elements to remain 
nominally elastic (undamaged) for this action and ensuring re-centering to the original 
undeformed position at every cycle, therefore displaying a self-centering response. The 
following subsections further categorize and describe rocking systems as post-tensioned 
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precast concrete shear walls, rocking steel frames, and vertically post-tensioned rocking steel 
frames. 
 
Figure 23 - Methods for creating bilinear elastic restoring force using gap opening: 
        (a) Gap opening mechanisms; 
        (b) Restoring force associated with gap openings; 
 
• Post-Tensioned Concrete Shear Walls 
Typically designed to emulate the behavior of cast-in-place concrete shear walls, conventional 
precast concrete shear walls have high stiffness, but limited drift capacity before significant 
damage occurs. These systems have been implemented in practice in different forms, in order 
to exhibit better seismic performance than emulative walls. For example, a system of unbonded 
post-tensioned precast concrete walls that allow gap opening at horizontal joints located at each 
floor level has been developed; vertical unbonded PT bars or tendons provide a positive 
stiffness after gap opening, as well as a restoring force mechanism, as the PT force acts to 
close the gap.           
Experimental results showed that the unbonded post-tensioned self-centering precast concrete 
walls demonstrated better performance than conventional precast concrete shear walls (B. 
Smith, Y. Kurama, M. McGinnis, Comparison of Hybrid and Emulative Precast Concrete Shear 
Walls for Seismic Regions, Proceedings of the ASCE Structures Congress, Las Vegas, NV, 
USA, April 14th-16th, 2011). A number of energy dissipation sources have been studied for 
unbonded post-tensioned precast concrete walls: that includes mild reinforcing steel across the 
horizontal joints, U-shaped flexural plate connectors between two adjacent shear walls, dog-
bone shaped energy dissipators and small external energy dissipation devices that act similar to 
buckling restrained braces. Friction damping between adjacent walls can also be used to 
dissipate energy. 
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• Rocking Steel Braced Frames (Without Post-Tensioning) 
Rocking braced frame systems have been studied for decades, being implemented since the 
Eighties in New Zealand in bridges but, only in the last decade, in a building; recent research in 
damage-free structural systems has increased the visibility of such systems outside of New 
Zealand. These systems allow gap opening, but do not have PT across the joint and rely on 
gravity loads for self-centering: through the years in fact, shaking-table tests and computational 
simulations of rocking steel frames have shown that allowing base uplift can reduce the peak 
base shear, peak accelerations, and peak member forces if compared to a similar structure with 
elastic behaviour and fixed base. A wide range of energy dissipation elements have been used 
including yielding column base plates that allow uplift, similar yielding splice plates along the 
height of braced frame columns, torsional yielding bars, buckling restrained braces, and viscous 
dampers. 
 
• Post-tensioned Rocking Steel Braced Frames 
Similar to the systems described in the previous section, post-tensioned rocking steel braced 
frames have high initial stiffness (similar to that of conventional concentrically braced frames) 
but can withstand intense earthquakes with little or no structural damage. By introducing post-
decompression stiffness through PT steel, these systems can further limit the peak drifts as 
compared to rocking systems without vertical PT steel. In all of these configurations studied up 
to now, gap opening is allowed at the base of the braced frame and vertical oriented PT steel is 
used to prestress the braced frame to the foundation. Multiple sources of energy dissipation 
have been studied for PT rocking steel braced frames, including yielding steel elements, friction 
bearings, and viscous damping elements, but experimental and analytical results show that 
these systems can significantly reduce the probability of members yielding with respect to 
conventional systems and that the system self-centers after seismic excitation, even after 
significant PT bar yielding (D. Roke, R. Sause, J. M. Ricles, N. B. Chancellor, Damage-Free 
Seismic-Resistant Self-Centering Concentrically-Braced Frames, ATLSS Report 10–09, Lehigh 
University: Bethlehem, PA, USA, 2010). Large-scale static and shake table testing indicated 
that post-tensioned rocking steel braced frames effectively concentrate structural damage in the 
replaceable fuse elements and self-center after seismic excitation, reducing drifts and 
accelerations with respect to conventional ductile systems. The system has been implemented 
in buildings in the U.S. and New Zealand (D. M. Dowden, M. Bruneau, Post-tensioned rocking 
connection detail free of beam growth, AISC Eng. J. 2011, 48, pp.153–158). 
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2.6.4.2 Self-Centering Moment-Resisting Frames 
Conventional moment resisting frames are designed with so-called strong-column/weak-beam 
criteria and they dissipate seismic energy by forming plastic hinges at the beam ends and at the 
base of the first storey columns to form a global beam-sway mechanism. Although the structure 
is expected to behave in a ductile manner and dissipate a significant quantity of seismic energy, 
there may be significant inelastic residual deformation: as an alternative to conventional 
moment resisting frames with rigid beam-to-column connections, self-centering moment 
resisting frames that allow a gap to form at the beam-column interface have been developed 
using both precast concrete and structural steel.  
 
• Concrete Self-Centering Moment Resisting Frames 
Self-centering concrete moment-frames consist of concrete beams and columns horizontally 
post-tensioned together so that a gap can open at the beam-column interface, once subjected 
to a specific applied moment (as in figure 23 (a)). Energy dissipation is supplied at the beam-to-
column joint through a variety of mechanisms such as unbonded mild reinforcing steel, friction 
damping elements and other devices. Hence, self-centering concrete beam-to-column 
connections accommodated large rotations without a loss in load carrying capacity; tests of a 
five story precast concrete moment resisting frame incorporating self-centering connections and 
designed using displacement-based design principles showed that drifts were not excessive 
(e.g., residual drift was 0.06%), and that the self-centering connections suffered little or no 
damage: the damage was limited to spalling of cover concrete in the beams immediately 
adjacent to the columns and some crushing of the fiber grout pads at the beam-column 
interfaces (N. M. J. Priestley, S. Sritharan, J. R. Conley, S. Pampanin, Preliminary results and 
conclusions from the PRESSS five-story precast concrete test building, PCI J. 1999, No.44, 
pp.42–67). Self-centering concrete moment frames have performed well in laboratory seismic 
testing have been shown to limit damage to the structure, and have been implemented in 
practice. 
 
• Steel Self-Centering Moment Resisting Frames 
Similar to the previous ones, steel self-centering moment frames consist of steel beams and 
columns post-tensioned together so that a gap can open at the beam-column interface when 
subjected to a specific moment. Energy dissipation devices for the steel SC moment resisting 
frames includes yielding seat angles, short axial yielding devices (similar in behavior to 
buckling-restrained braces), yielding web hourglass pins, friction devices at the bottom flange of 
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the beam or at both flanges, friction devices at the web of the beam, and yielding thin steel plate 
infill walls. Numerous tests of steel self-centering moment resisting frame beam-to-column 
connections have shown reliable self-centering behavior of the connection and considerably 
better seismic performance compared to conventional moment resisting frames. Generally 
expected to remain undamaged during the DBE, allowing immediate occupancy of the structure 
and to prevent collapse under the maximum considered earthquake (MCE) - in this case, an 
MCE event is defined as an intense earthquake with a return period of about 2500 years: during 
DBE level tests, the peak drift ranged from 1.8% to 4.9%, but the frame self-centered with 
residual drift ratios less than 0.1%. There was a small amount of yielding at a column base, but 
this is expected behavior when the column bases are fixed ( Y. C. Lin, R. Sause, J. M. Ricles, 
Seismic performance of steel self-centering, moment-resisting frame: Hybrid simulations under 
design basis earthquake, J. Struct. Eng. 2013, No. 139, pp.1823–1832).     
Self-centering column bases have been developed to eliminate this source of damage: bottom 
flange beam yielding was reported during a maximum considered earthquake (MCE) test, but 
this is the expected response under this very rare earthquake according to the design 
objectives: essentially no residual drift under the MCE. 
 
3.6.4.3 Self-Centering Braces for Steel Braced Frames 
    
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24 - Schematic representation of concentric telescoping tubes used in self-centering braces: 
          (a) Brace subjected to shortening;  
          (b) Brace subjected to elongation.  
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Self-centering braces return to their original length after undergoing axial elongation or 
shortening; one self-centering brace that has been developed uses a restoring force mechanism 
consisting of two concentric tubes precompressed by PT strands in aramid fiber and an energy 
dissipation mechanism that uses friction pads.    
Figure 24 schematically shows the configuration of telescoping concentric tubes and PT 
elements for the restoring force mechanism.        
Some use telescoping, while others make use of the superelastic SMA material behavior to 
directly create self-centering. There have been a number of generalized research programs into 
the use of SMA for seismic design of structures starting in the early 1990’s and including large 
research projects in Europe (e.g. MANSIDE project), and in the U.S. SMA materials are 
superelastic, which means very large strains (up to 10%) can be recovered elastically upon the 
removal of load. Computational studies of prototype buildings show that self-centering braces, 
that do not have full self-centering hysteretic behavior (i.e., the load-deformation curve does not 
pass near zero displacement when the lateral load is removed), can still reliably limit residual 
drifts to negligible magnitude: computational studies and shaking-table testing show that 
prototype buildings constructed with self-centering braces can dissipate significant energy, 
exhibit peak drifts similar to conventional systems, and nearly eliminate residual drifts. 
 
3.6.4.4 Self-Centering Timber Systems 
Finally, to improve seismic performance and reduce structural damage of multi-story timber 
buildings, self-centering timber systems have also been proposed and several configurations 
have been investigated, including post-tensioned beam-to-column subassemblies, walls, and 
frame systems.         
In addition to using post-tensioned bars and gap-opening mechanisms to provide self-centering 
behavior, internal and external energy dissipators have also been provided: during experimental 
tests, these systems have shown to be highly ductile, while still self-centering (S. Pampanin, A. 
Palermo, A. H. Buchanan, M. Fragiacomo, B. L. Deam, Code Provisions for Seismic Design of 
Multi-Storey Post-Tensioned Timber Buildings, Proceedings of the 39th Meeting of the Working 
Commission W18-Timber Structures, CIB, International Council for Research and Innovation, 
Florence, Italy, August 28th–31th 2006).     
If coupled, rocking timber walls with U-shaped energy dissipators have shown to have better 
seismic performance and an increased drift capacity compared to single rocking timber walls. 
Although past studies on self-centering timber systems have been carried out only in New 
Zealand (A. Buchanan, B. Deam, M. Fragiacomo, S. Pampanin, A. Palermo, Multi-storey 
prestressed timber buildings in New Zealand, Struct. Eng. Int. 2008, No.18, pp. 166–173), there 
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is an increasing interest and ongoing research projects in other countries as well, since 
promising experimental test results have encouraged the construction of new structures with 
self-centering timber systems.         
Ongoing challenges for self-centering systems include detailing to accommodate gap openings, 
designing rocking systems for higher mode effects, collapse assessment, and life-cycle cost 
analysis: collapse safety assessment of self-centering systems in fact, is the most important 
issue for providing adequate structural reliability and it is an ongoing topic of research. 
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4. SHAPE MEMORY ALLOY 
 
 
4.1 Introduction  
The ability to adjust structural response to external loading and to ensure structural safety and 
serviceability are characteristics of the so-called “Smart Systems”; the key to achieve this is the 
development and implementation of smart materials: an example of it is a Shape Memory Alloy. 
Reinforced concrete structures are designed to sustain severe damage and permanent 
displacement during strong earthquakes, while maintaining their integrity and safeguarding 
against loss of life; the design philosophy of dissipating the energy of major earthquakes leads 
to significant strains in the steel reinforcement and, consequently, damage in the plastic hinge 
zones: in fact, most of the steel strain is permanent, thus leading to large residual deformations 
that can render the structure unserviceable after the earthquake. Alternative reinforcing 
materials, such as superelastic SMAs, offer strain recovery upon unloading, which may result in 
an improved post-earthquake recovery.                             
SMAs in fact, have the ability of dissipating energy through repeated cycling, without significant 
degradation or permanent deformation: for example, superelastic-SMAs possess stable 
hysteretic behaviour over a certain range of temperature, where its shape is recoverable upon 
removal of load. Alternatively, martensite-SMAs also possess the ability to recover its shape 
through heating; both types of SMA demonstrated to be promising in civil infrastructure 
applications, specifically in seismic-resistant design and retrofit of structures.  
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4.2 Background and description of Shape Memory Alloy properties  
During the last quarter of the 20th century, a new group of alloys known as Shape Memory 
Alloys (SMAs) evolved: they have been used in the medical, aerospace, automotive, and robotic 
industries, successfully adopted for many different innovative applications, ranging from 
orthodontic arch-wires for the correction of teeth malposition to biomedical devices, such as 
stents and prostheses, but just recently, they have started being used in structures too, since, 
due to their unique properties, SMAs are classified as smart materials. A shape memory alloy 
(SMA) is a metallic alloy that “remembers” its original shape. Upon loading and unloading 
cycles, an SMA can undergo large deformation without showing residual strains 
(pseudoelasticity effect, also often called superelasticity), and can recover its original shape 
through thermal cycles (the shape memory effect).               
Such distinct material behaviours are due to the material microstructure in which two different 
crystallographic structures exist, one characterized by austenite (A), and another one by 
martensite (M); austenite is the crystallographically more-ordered phase, and martensite is the 
crystallographically less-ordered phase, but the key characteristic of an SMA is the occurrence 
of a martensitic phase transformation. In general, those phases depend on two thermo-
mechanical variables: the existing temperature of the composite, and the amount of mechanical 
loads or stresses applied (Figure 1).  
 
Fig. 1 - SMA Phases at Different Temperatures and Loads 
 
Martensite is the low temperature easily deformed shape which has a parallelogram molecular 
structure; upon deformation (loading), this phase takes on the second form, as shown in Fig. 1. 
Austenite, the stronger, body-centered cubic structure, occurs at higher temperatures; both 
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phases have the same size and shape on a macroscopic scale until the martensite is deformed. 
Typically, the Austenite is stable at high temperatures and low stress, while the martensite is 
stable at low temperatures and high stress. The reversible martensitic phase transformation 
results in unique effects: the pseudoelasticity (PE) and the shape memory effect (SME). 
Besides these, SMAs exhibit also three other unique properties: damping hysteresis, minimal 
fatigue, and absence of corrosion; as a brief example, the behaviour of SMA exposed to a 
temperature cycle is shown in Figure 2. 
 
Fig. 2 -  Temperature Hysteresis 
 
For a better understanding of the figure: 
- Ms, Martensite start temperature; 
- Mf, Martensite finish temperature; 
- As, Austhenite start temperature; 
- Af, Austhenite finish temperature; 
all of them above are the critical temperatures where the transformations occur, varying in a 
range between –150°C and 200°C. 
As evident in the response to temperature, the SMA exhibits hysteresis when subjected to 
heating and cooling cycles: the transformation involved does not include mechanical stresses, 
and the cycle is entirely driven by temperature. The influence of stress on the behaviour of SMA 
depends on the existing phase, but the details of this propriety will not be explained in details in 
this session, because is not the topic of our research.        
It goes without saying that those unique properties make SMAs attractive for use in earthquake-
resistant structures: in particular, Nickel-Titanium (Ni-Ti) alloys have been found to be the most 
promising for seismic applications, specifically for their ability to recover large deformations and 
dissipate significant energy, not only because they are the most common type of superelastic 
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(Austenite) SMA; discovered in the 1960s at the U.S. Naval Ordinance Laboratory (NOL), the 
acronym Ni-Ti-NOL (or Nitinol) has since been commonly used when referring to Ni-Ti-based 
SMAs.                      
Ni-Ti-NOL is an equiatomic compound of Nickel and Titanium (55.9% Ni and 44.1% Ti), with a 
transformation temperature range (As-Af) between –92°C and 110°C, it has a shape-memory 
strain limit of approximately 8%, and it is corrosion resistant and thermally stable; it is also 
available in the form of wires, rods and bar stocks, and thin films. In summary, an SMA in the 
austenitic phase will fully recover residual deformations through unloading of mechanical stress, 
while heat is required to recover residual deformations when the alloy is predominantly in the 
martensitic phase; the Af is specified for the manufacturing process: thus, the end-user has 
control over which phase is preferred, Austenite or Martensite.  
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4.3 Why NiTi-NOL? 
Despite SMAs can be made of various metals (Copper, Zinc, Aluminium, Nickel, Titanium, 
Manganese, etc.) and all of them have in common these peculiar properties described above: 
- “shape memory effect” 
- “superelasticity” (or “pseudoelasticity”) 
depending on the phase (Martensite or Austenite) in which the alloy is stable at ambient 
temperature. 
A bibliographical investigation on the properties of various alloys was carried out, considering 
five different alloys: NiTi (Nickel-Titanium), CuAlNi (Copper, Allumnium, Nickel), CuZnAl 
(Copper, Zinc, Allumnium), FeMn[Si] (Iron, Manganese, [Silicium]), MnCu (Manganese, 
Copper), and Nickel-Titanium based alloys were selected, among others, as the best candidates 
for applications in passive control systems, owing to their better superelastic properties, low 
sensitivity to temperature, higher resistance to corrosion and to fatigue.         
Taking into account the limited workability of the material, kernel components for devices can 
only be made out wires or bars; they differ from each other for the diameter (up to 2 mm for 
commercial wires, from 6 to 8 mm for commercial solid bars, up to 50 mm for special production 
bars), as well as for the stress distribution they will be subjected to in practical applications 
(tension for wires, bending and/or torsion and/or shear for bars). Austenitic elements can 
provide the devices with some energy dissipation capability but are also prone to be 
investigated for a full re-centering capability, thanks to their stress-induced transformation 
properties; martensitic elements instead, can dissipate energy through the stress-induced grain 
re-orientation, which also implies a very high fatigue resistance.   Wires are used only in the 
austenitic phase, thanks to their superelasticity that makes them undergo loading-unloading 
cycles without any residual strains; on the other hand, bars can be employed either in 
martensitic or in austenitic phase, according to the desired device behaviour.   Against these 
characteristics, we have to keep in mind that mechanical properties of SMAs, in austenitic 
phase, depend on temperature and strain rate; a careful design of the material is therefore 
needed, in order to calibrate its mechanical behaviour with respect to the strain rate requested 
by the specific application and to limit its variability with the varying temperature in the practical 
range.  
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4.4 Superelasticity and Shape memory effect 
As already said above, experimental studies demonstrated that SMAs show a unique phase 
transformation by changing in external stress or ambient temperature; in general, the austenitic 
phase of these materials is stable in high temperature and low stress levels, while the 
martensitic phase is stable in low temperature and high stress levels: the micro-structural 
constitution is determined by the thermo-mechanical process, which is applied during 
manufacturing of the SMA alloys, although different amounts of cold work and different heat 
treatments may be used for different alloys and property requirements. Therefore, in order to 
optimize the physical and mechanical properties of an SMA product and achieve shape memory 
and/or superelasticity, the material is cold worked and heat-treated. Let’s see it more in details. 
Any SMA element, such as a rod, is austenitic at temperatures above Af and, in this phase, 
when this rod is subjected to a tensile loading, at a particular tensile stress and constant 
ambient temperature, phase transformation will start from Austenite to Martensite; this 
transformation goes under the name of “forward transformation”: 
- from the beginning until the end of it, strain in the SMA rod increases, whereas the 
stress remains almost constant; 
- during unloading, since the Martensite unstable in temperature higher that Af without 
external stress, the reverse transformation from M to A initiates. If the material 
temperature remains larger than Af, the residual strain in rod will approach to zero upon 
unloading.  
This behaviour that leads to dissipation of external imposed energy and then recovery of the 
residual strains is call “superelasticity” (Figure 3).  
 
Fig. 3 -  Stress – strain behavior of Austenite and Martensite SMAs 
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This process demonstrates that, when the material is in the fully austenitic phase, full recovery 
of the residual deformations is possible (this is the phase where the material transforms from A 
to M) by increasing the external stress and without modifying the temperature; when the alloy 
undergoes re-transformation to the Austenitic state by unloading the stress, instead, the stress-
strain curve for the fully austenitic phase shows a distinctive plateau and hysteresis: under such 
conditions, this specific composite can reach strains up to 10% and still fully recover their 
deformation.              
If the material temperature becomes lower than Af, some part of the Martensite will not change 
to Austenite, therefore, the strain will not recover completely, thing that can be easily resolved 
by heating the material: this phenomenon is call “semi-superelasticity”.              
In temperatures below Mf, the alloy is martensitic and possesses “shape memory effect”: at 
this temperature, SMA do not recover its residual strain automatically, but, restoring the initial 
shape is possible by heating the material over Af. Through the Shape Memory Effect, the 
material has the ability to memorize a very specific configuration, either in the martensitic or 
austenitic phases, which is known as “one-way memory”. In addition to this, SMAs are capable 
of “being trained” to memorize two different deformations in the two different phases (“two-way 
memory”): this is accomplished, as usual, by deforming the alloy in the martensitic phase and 
heating it into the austenitic phase, where it regains its original size prior to deformation.  
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4.5 Constitutive model  
Given our choice of investigating Nitinol alloys aiming to study a system/device able to provide a 
wide range of performances, which realise, alternately or simultaneously:  
− a good energy dissipation,  together with a high resistance to large strain cycle fatigue 
and a great durability when corrosion-free alloys; 
− the full recover of the deformation of the devices and/or of the structure at the end of an 
earthquake (re-centring capability);  
in this paper it will be analysed more in detail the “superelastic” behaviour; from a macroscopic 
point of view, the transformations involved in it are the followings: 
1. Austenite to Martensite (A è S) 
2. Martensite to Austenite (S è A) 
3. Martensite reorientation (M è S) 
Two of the phase transformations are considered here: A è S and S è A. 
 
Fig. 4 -  Superelasticity stress – strain behavior 
 
The material is composed of two phases, the Austenite (A) and the Martensite (S) and the 
crystallographic state is described by two internal variables, the martensite fraction (ξS) and the 
austenite fraction (ξA); one of them is a dependent variable, ξS, and they are assumed to satisfy 
the relation expressed as: 
𝜉! + 𝜉! = 1  
The material behaviour is assumed to be isotropic.         
The pressure dependency of the phase transformation is modelled by introducing the 
Drucker-Prager loading function, as follows: 
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𝐹 = 𝑞 + 3α𝑝 
𝑞 = 32 𝑆: 𝑆 
𝑆 = 𝜎 − 𝑝1 
𝑝 = 13 𝜎: 1 
where: 
- α  is the material parameter described in the following page; 
- σ  is the stress; 
- 1 is the identity tensor. 
The evolution of the martensite fraction, ξS, is then defined as follows: 
 
 
 
where the functions are defined as follows: 
𝑅!!" =   𝜎!!"(1 + 𝛼) 
 
 𝑅!!" =   𝜎!!"(1 + 𝛼) 
  
 
 
A è S transformation 
 
S è A transformation 
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𝑅!!" =   𝜎!!"(1 + 𝛼) 
𝑅!!" =   𝜎!!"(1 + 𝛼) 
and 𝜎!!",  𝜎!!", 𝜎!!",  𝜎!!" are the material parameters shown in Figure 5: 
 
Fig. 5 -  Idealized stress – strain diagram for superelastic behavior 
The material parameter α , in particular, characterizes the material response in tension and 
compression, and, if tensile and compressive behaviors are the same, then α=0. For a uniaxial 
tension-compression test, α  can be related to the initial value of austenitic to martensitic phase 
transformation in tension and compression (𝜎!!",  𝜎!!", respectively) as: 
𝛼 = 𝜎!!" − 𝜎!!"𝜎!!" + 𝜎!!" 
 
The stress-strain relation is defined as follows: 
𝜎 =   𝐷: 𝜀 − 𝜀!"  
𝜀!" = 𝜉𝜀! 𝜕𝐹𝜕𝜎 
where:  
- D is the elastic stiffness tensor; 
- 𝜺 is the total strain; 
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- 𝜺𝒕𝒓 is the total transformation strain; 
- 𝜺𝒕𝒓    is the transformation strain tensor; 
- 𝜺𝑳 is a material parameter as shown in Figure 5. 
To model the superelastic behaviour of SMAs in the software used to run the analysis of our 
model, it is necessary to define the elastic behaviour in the austenitic state, through the 
description of the material by six constants, that define the stress-strain behaviour in loading 
and unloading for the uniaxial stress-state. For each data set, we also have to define the 
temperature the alloys is working at. 
Constant Meaning Property 
C1 σ!!" Starting stress value for the forward phase transformation. 
C2 𝜎!!" Final stress value for the forward phase transformation. 
C3 𝜎!!" Starting stress value for the reverse phase transformation. 
C4 𝜎!!" Final stress value for thereverse phase transformation. 
C5 ε! Maximum residual strain. 
C6 𝛼 Parameter measuring the difference between material responses in tension and compression. 
 
Table 1 -  Superelastic option constants 
 
According to the fact that the model performance strongly depends on the SMA material under 
investigation, for the present analysis, it has been chosen to refer to a numerical and 
experimental evaluation of the damping properties of a commercial superelastic NiTi bar, carried 
on by F. Auricchio, D. Fugazza, R. Des Roches, in 2006 for the American Society of Mechanical 
Engineers. They choose to apply two constitutive models, a rate-dependent viscous constitutive 
model and a rate-dependent thermomechanical one, and made a comparison of those 
numerical results with four sets of experimental data; every set of data refers to a commercial 
wire or bar, and we deliberately choose to focus on the last one a bar with circular cross section 
of diameter 12.70 mm, provided by Special Metals Corp. (New Hartford, USA), which was the 
more suitable one for replacing the regular steel bars reinforcement in the project, subject of this 
work of research.                  
The tests were performed by DesRoches, McCormick and Delemont at the Georgia Institute of 
Technology (Atlanta, GA): a single strain-driven cycling-uncycling cycle up to a 5% strain, 
performed at different frequency levels, was carried out; for the set of data taken into account, 
the testing frequencies were 0.0025 Hz (static) and 1 Hz (dynamic). 
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Table 2 -  Mechanical parameters related to both  
           constitutive models in static conditions 
In the following figure is shown the comparison between the experiments and the model 
responses. Under static loading conditions, the chosen constitutive equations exhibit almost the 
same mechanical response, both for the viscous model and the thermomechanical model. 
 
Fig. 6 -  Static loading conditions: experimental  
data versus numerical results  
 
Finally, it is worth mentioning that SMAs are a material regularly implemented nowadays in 3-D 
finite elements softwares for non-linear analysis, such as ANSYS® Mechanical™ and 
ABACUS®, which are more widespread in the research field while, in other commercial 
softwares (e.g. SAP2000®) we can model an ordinary or hysteretic constitutive law as well, but 
only the loading part of the curve can be modelled, leaving us no options for properly describing 
the unloading part: this aspect though, will be examined with more attention in chapter 7.  
 
Parameter Unit Value 𝐸! GPa 28,50 𝐸! GPa 23,00 𝜀! % 2.45 σ!!" MPa 270 𝜎!!" MPa 520 𝜎!!" MPa 350 𝜎!!"	   MPa 100 𝛼 - 0 
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5. EXPERIMENTAL TESTS ON A PRECAST CONCRETE FRAME 
STRUCTURE SUBJECTED TO LATERAL LOADS FROM U.T.C.N. 
5.1 Overview of the experimental program  
The idea of this work of research was born within a wider frame of research program conducted 
in the Structures Department of the Technical University of Cluj-Napoca (UTCN), as the main 
topic of the Ph.D. thesis by Eng. Nicu Toader, supervised by Prof. Eng. Kiss Zoltán – current 
director of the Department above-mentioned: experimental tests simulating seismic loads were 
conducted on a real precast concrete structure, scale 1:3, with two levels and a single opening, 
applying an incremental lateral load, acting in the longitudinal direction of the frame, in 
compliance with the testing procedure described by ACI T1.1-01; all the details will be 
summarized in the following chapters. The main objective of Eng. Toader’s work was to 
determine the behaviour of precast reinforced concrete frames (PRCF) with semi-rigid joints 
subjected to lateral forces: in the joints, the beam is supported by columns through a corbel, 
fixed with a vertical dowel and two reinforcing bars placed in the topping, made of cast-in-situ 
reinforced concrete, as visible in Fig. 1.  
         
Fig. 1 – Beam-column connection (before and after topping was added) 
The chosen solution for the tested structure is more and more used by civil engineers, for multi-
storey precast buildings in seismic areas; previous experiments on precast frames, relatively 
few actually, and the lack of expertise in designing such structures in regions of seismic hazard, 
keeps an open door in evaluating the capacity of semi-rigid joints to develop significant flexural 
moments. So far, the behaviour of such structures against vertical and horizontal forces, such 
as live loads, snow load, wind load, etc., proved to be very good so that it is easy to get why a 
better understanding of the seismic response for this kind of structural systems turns out to be 
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necessary. A two-stories precast structure with one bay was erected inside the Central 
Laboratory at the Faculty of Civil Engineering, in UTCN: first came the assembling of the 
precast elements as well as the reinforcing and the casting-in-place for the monolithic parts; in 
the following time, the installation of the data-acquiring device took place, by virtue of the 
equipment for monitoring the displacements and deformations of the structure and two force 
transducers. The proper experiment took six days, when a 3.5% lateral drift was reached, 
according to the testing methodology proposed by ACI T1.1-01, 2001. The tested frame model 
was derived from a prototype bay of 6 × 9 m, two stories high (Hstorey1 = 4.00 m; Hstorey2 = 3.75 
m) and with 60x60 cm columns; using the theory of similarity and a parameter of the geometry 
λ= 3, model dimensions were established (see Table 1 and Table 2). 
 
 
 
 
 
 
 
       
Table 1: Elements Dimensions – Prototype versus Model 
 
The materials used for columns, beams and foundations are: concrete class C40/50 and 
reinforcing bars S500C, except for the ∅6 stirrups, where S255C was chosen; for slabs were 
chosen concrete class C30/37 and S345C for their reinforcement.  
 
Fig. 2 – Monitoring the displacements and deformations of the structure 
Structural  
element 
Prototype element 
[cm] 
Model element  
[cm] 
Column 60x60 20x20 
Beam (without 
topping) 60x66 20x22 
Beam (with topping) 60x90 20x30 
Slab 24 8 
Storey height: level 1 400 133 
Storey height: level 2 375 125 
Bay geometry 600x900 200x300 
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The RC frame structure was subjected to gravitational loads in two stages: 
- In the first stage, a qk = 5 kN/m2 load was applied on each slab, consisting of bags filled 
with gravel, 55 kg each; for this stage, the live load was considered corresponding to the 
service limit state (SLS), ψ0qk = 1.0qk; 
- In the second stage, the vertical load was reduced to ψ2qk = 0.6qk = 3 kN/m2, in order to 
fulfill the specific requirements for combinations for seismic design.  
The building was considered belonging to D category (shopping areas), according to EN 
1990:2002.  
 
Fig. 3 – Specimen tested – elevation view 
 
Hence, a number of 11 cycles of controlled horizontal displacements were applied to the 
structure (Fig. 3), corresponding to the following drifts: 0.20%, 0.25%, 0.35%, 0.50%, 0.75%, 
1.00%, 1.40%, 1.75%, 2.20%, 2.75% and 3.50%. Each cycle consisted of 3 steps with a 
displacement induced from the right side to the left (positive direction), and alternatively another 
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3 steps with a displacement applied from left to right. Moreover, each step was divided in 4 sub-
steps, in order to be able to draw the hysteresis curves (force–displacement, P-Δ): the 
necessary lateral force induced to obtain the proper displacement increased steadily until the 
ninth cycle, when a maximum force of Fb = 140 kN was recorded, corresponding to a drift of 
1.40% and a top displacement of 34 mm; at cycle number 10, the necessary force to reach the 
determined target displacement started to decrease. The path can be easily followed in the 
diagrams shown in Figg.3 and 4, that show the correlation between the displacement at the top 
of the building [mm] with the cycle of loading and the total force Fb [kN] again with the loading 
cycle, respectively. 
 
    
Fig. 4 – Variation of displacement 
at the top of the building 
       
 
Fig. 5 – Variation of total force, Fb,  
applied to the structure
 
In determining the necessary lateral displacements to be imposed, the testing methodology 
described in the American Standard, “Acceptance Criteria for Moment Frames Based on 
Structural Testing” (ACI T1.1-01, 2001), was followed: the choice of using this standard is due to 
the lack of a Romanian testing procedure, as well as a European methodology for testing frame 
structures that does not fulfill the prescriptions of the European Standard (EN 1998-1/2004) and 
Romanian seismic design code (P100-1/2013); nonetheless, ACI T1.1-10 is a worldwide used 
standard, with the only difference that in the European standards the maximum drift accepted is 
2.50%. For substructures due to be designed for a seismic region, but not meeting the 
prescriptions of ACI 318-99 (chapter 21, specifically) - that is in many aspects similar with EN 
1998-1/2004 and P100-1/2013 - an experimental research is required; furthermore, “the 
specimen must have enough strength, stability, ductility as well as good seismic energy 
dissipation capacity”. The testing platform used for the experiment can be seen below in a 
tridimensional view in Fig. 6, while Fig. 7 is a picture of the entire structure when prepared for 
testing to lateral loading.  
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foundations), were used displacement transducers (HBM WA type of 100 mm 
and 300 mm) and clock comparators (Fig. 2). 
Table 2 
Structure Geometry – Prototype versus Model 
Parameter Prototype structure, [m] Model structure, [m] 
Story height: level 1 4.00  1.33  
Story height: level 2 3.75  1.25  
Bay geometry 6.00 × 9.00  2.00 × 3.00  
 
 
The RC frame structure was gravitational loaded in two stages. In the 
first stage a qk = 5 kN/m2 load was applied on each of the slabs, consisted of 
bags filled with gravel, 55 kg each. For this stage was considered the live load 
corresponding the service limit state (SLS), ψ0qk = 1.0qk. In the second stage the 
vertical load was reduced to ψ2qk = 0.6qk = 3 kN/m2, in order to fulfill the 
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Fig. 3 – Variation of displacement at  
the top of the building. 
 
Fig. 4 – Variation of total force, Fb, 
applied on structure. 
 
able to draw the hysteresis curves (force–displacement P vs. Δ) afterwards. The 
necessary lateral force induced to obtain the proper displacement increased 
steadily until in the 9th cycle, when a maximum force of Fb = 140 kN was 
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foundations), were used displacement transducers (HBM WA type of 100 mm 
and 300 mm) and clock comparators (Fig. 2). 
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vertical load was reduced to ψ2qk = 0.6qk = 3 kN/m2, in order to fulfill the 
requirement specific to the c m inations for seismic actions esign. The 
building was consid red belonging category D (shoppi g are s), a cording to 
EN 1990:2002. 
Afterwards a number of 11 cycles of controlled horizontal displacement 
were applied on structure (Fig. 3), corresponding to drifts of 0.20%, 0.25%, 
0.35%, 0.50%, 0.75%, 1.00%, 1.40%, 1.75%, 2.20%, 2.75% and 3.50%. Each 
le consisted of 3 steps with a displacement induced from the right side to the 
left (positive direction), and alternatively another 3 steps with a displacement 
applied  from  left  side to the right. Also each step had 4 sub-steps in order to be  
 
   
Fig. 3 – Variation of displacement at  
the top f the ilding. 
 
Fig. 4 – Variation of total force, Fb, 
applied on structure. 
 
able to draw the hysteresis curves (force–displacement P vs. Δ) afterwards. The 
nec ssary lateral force induced to obtain the proper displaceme t increased 
steadily until in the 9th cycle, when a maximum force of Fb = 140 kN was 
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Fig. 6 – Axonometric 3-D view of the testing platform 
 
 
Fig. 7 – View of the testing platform
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recorded, corresponding to a drift of 1.40% and a top displacement of 34 mm. 
Starting with cycle no. 10, the necessary force to reach predetermined target 
displacement started to decrease. 
In determining the necessary lateral displacements to be imposed, the 
testing methodology described in the American Standard ACI T1.1-01 
“Acceptance Criteria for Moment Frames Based on Structural Testing” was 
followed (ACI T1.1-01, 2001). The choice of using this standard was due to the 
lack of a Romanian testing procedure as well as the absence of a European 
methodology in order to test frame structure that don’t fulfill the prescriptions 
of the European Standard: EN 1998-1/2004 and Romanian seismic design code: 
P100-1/2013. Also ACI T1.1-10 is a commonly used standard abroad, offering 
the possibility to compare current results with old ones. For a substructure that 
doesn`t meet the prescription of ACI 318-99, chapter 21 (in many aspects 
similar with EN 1998-1/2004 and P100-1/2013), and wants to be designed for a 
seismic region, an experimental research is required for the substructure 
proposed as an earthquake resistant element. The specimen will have enough 
strength, stability, ductility as well as good seismic energy dissipation capacity. 
The testing platform used by te authors can be seen below in Fig. 5, while in 
Fig. 6 there is an image with the entire structure prepared for testing to lateral 
loading. 
 
 
Fig. 5 – A onometric view of the testing 
platform (3-D reproduction). 
 
Fig. 6 – Axonometric view of the testing 
platform. 
 
2. Results of the Experimental Tests 
 
During the 1st and 2nd loading stages no crack could be seen, so it can be 
said the structure`s elements remained into the elastic domain. Afterwards a 
horizontal load, Fb = 67 kN, was applied for obtaining a first drift of 0.2%, 
enough for the first cracks to be identified. In this cycle the crack`s maximum 
width was wmax = 0.12 mm. Considering the spatial frame could be divided into 
two plane frames, a convention was chosen: on one of the frames (columns: S1 
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5.2 Results of the experimental tests 
For practical reasons of brevity, we won’t describe accurately the evolution of cracks in the 
specimen; it is enough to say that during the 1st and 2nd loading stages no cracks have been 
noticed, so it allows us to say that the structural elements remained into the elastic domain; 
afterwards, a horizontal load, Fb= 67 kN, was applied to obtain a first drift of 0.2%, enough for 
the first cracks to be identified. After the appearance of the first crack (Fig.8) placed at the 
interface of the precast beam and the mortar, for each loading step, the evolution of all 
representative cracks has been monitored and, for each of the beam–column joints, the 
transversal deformation of the dowel was also measured through displacement transducers.  
 
 
 
Fig. 8 – The crack in red is the first (0.40 mm width) identified for a 0.25% drift 
 
The evolution of this crack was mostly concentrated in the area around the vertical dowel, as 
expected. When on the end of the beam a negative moment appears, the reinforcement bars 
placed in the topping will become tensioned, and pulling apart of the precast element (beam and 
column) is prevented, but when a positive moment acts, the tensions developed are absorbed 
by the bolt (which becomes subjected to shear with bending) with much greater deformation 
then in the case of negative moment: at high drifts a gap is created between the precast 
elements. The transversal rigidity of the dowel, much smaller in comparison with the rigidity of 
reinforcement bars when in tension, explains this differences in the behaviour of the joint when 
subjected to moments of different signs. This behaviour is compatible with a ductile reinforced 
concrete element. 
 
	   92 
5.3 Compliance of the structure to the standards and conclusions 
According to this standard, the experiment on a specimen is considered relevant if the following 
requirements are respected: 
1. the ratio between the model and the prototype is not less than 1:3; 
2.  the maximum storey-drift imposed should be not less than 3.5% ; 
3. at least one specimen of each type needs to be tested; 
4. the minimum extent of modules on each side of beam–column joint shall be the distance 
between the counter flexure points nearest to that joint; 
(The tested specimen fulfilled all the aforementioned requirements.) 
The behaviour of the tested modules, to be considered accepted, will also need to satisfy few 
conditions: 
1. the structure should have a similar response in both positive and negative direction of 
the lateral load applied, fact confirmed by the symmetry of displacements and forces 
applied during a cycle (Figs. 3 and 4); 
2. the attained lateral resistance of structure should be equal or greater than the total shear 
force considered in the design, consistent with the allowable story drift limitation of the 
International Building Code, (2011).  
The maximum total shear force considered in the design of the frame structure was 101kN, 
while during the experiment a resistance force of over 138 kN was recorded (Fig. 9).  
 
Fig. 9 – Ductility and rigidity on both directions (“+” and “–”) 
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3. Com liance of the Structure in Terms of ACI T1.1-01 
 
According to this standard, the experiment on a specimen is considered 
to be relevant if the ratio between model and prototype is not less than 1:3. The 
maximum story drift imposed should be not less than 3.5% and at least one 
specimen of each type needs to be tested. The minimum extend of modules on 
either side of beam–colu n joint shall be the istance between the contraflexure 
points nearest that joint (ACI T1.1-01, 2001). The tested specimen fulfilled all 
the before mentioned requirements. 
The behaviour of the tested modules to be considered accepted will 
need to satisfy a few conditions. The structure should have a similar response in 
both positive and negative direction of the lateral load applied, fact confirmed 
by the symmetry of displacements and forces applied during a cycle (Figs. 3 and 
4). The attained lateral resistance of structure should be equal or greater than the 
total shear force considered in the design, consistent with the allowable story 
drift limitation of the International Building Code, (2011). The maximum total 
shear force considered in the design of the frame structure was 101kN, while 
during the experiment a resistance force of over 138 kN was record d (Fig. 12). 
For cycli  at a sto y drift of 3.50%, th  characteristic of the third complete cycle  
 
Fig. 12 – Ductility and rigidity on both directions („+” and „–”). 
 
shall have satisfied the following: peak force for a given loading direction will 
not be less than 75% of the maximum force for the same direction. For positive 
direction, 109 kN > 75% × 138 kN, while for negative direction: 108 kN > 75% × 
× 140 kN.  The  tested  specimen  fulfilled  all  the  before stated conditions 
(Fig. 12). 
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For cycling at a storey drift of 3.50%, the characteristic of the third complete cycle shall have 
satisfied the following condition:  
- the peak force for a given loading direction will not be less than 75% of the maximum 
force for the same direction; that means, for positive direction, 109 kN > 75% × 138 kN, 
while for negative direction 108 kN > 75% × 140 kN.  
The tested specimen fulfilled all the conditions before stated and will be a precious source of 
data to built our numerical study on: using this behaviour curve (Fig. 9), comparing the 
maximum displacement at the top of the building with the total base shear force, Fb, we will 
model the beam-to-column connection used in this study to investigate its behaviour in case of 
replacing the standard reinforcement steel with SMA bars and we will see what changes, if so, 
running a non-linear analysis (pushover analysis). Up to now, one thing is clear: the behaviour 
of such connection can be eventually classified among semi-rigid connections and the transition 
from a pinned beam–to–column connection, widespread in the current design practice, to this 
one used in Eng. Toader’s experiment, not only significantly increases the rigidity of the 
structure to lateral forces, but also keeps unaltered the high ductility of the structure, making it 
very suitable for buildings in seismic hazard regions. Nevertheless, seldom the joints are fully 
fixed, and such solutions are not just more expensive from an economical point of view, but also 
more complicated in terms of execution: the beam-to-column connection used here is 
innovative, offering a fair speed in execution, while taking the costs in consideration. 	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6. AIM OF THE RESEARCH 
An economical design of buildings based on performance takes into account the dissipation of 
seismic energy accumulated in the structure: in a one- or two-storey framed structure, in 
reinforced concrete, plastic hinges formation mostly happens in the connection areas, with a 
high concentration of ductility resources. A solution to increase the performance of a reinforced 
concrete precast frame is the one that was presented in the previous chapter, belonging to the 
research of Eng. N. Toader: a beam-to-column joint in precast reinforced concrete elements 
connected by dowels and mechanical couplers in S500C, where yielding of the steel causes 
increase in energy dissipation. In this work of research instead, we will push the investigation a 
little bit further, monitoring the behaviour of the dowels, replacing the S500C with bars in NiTi-
NOL, a shape memory alloy, seldom used for dissipation purposes. The aim of this solution is to 
create an ideal structure for one- or two-storey buildings, as industrial precast buildings are, that 
has a rigid behaviour at low seismic action (the connections show elastic behaviour) and turns 
into a ductile one in case of a high intensity earthquake action, while investigating if there are 
the basis for self-centering potential behaviour (if the connectors behaviour slides into 
superelasticity domain). To capture the strength degradation it was decided to run a cyclic 
analysis, with the same parameters Eng. Toader used in his research. For the nonlinear 
analysis it was used a finite element program, ANSYS® Mechanical™, since it has by default 
implemented the superelastic behaviour of the so-called smart materials.  
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7. MODELLING OF THE CASE-STUDY 
 
7.1 Choice of the FEM software 
Nonlinear finite element analysis (FEA) helps researchers to conduct more detailed 
investigations on the behaviour of reinforced concrete frame structures.  
Starting from the experimental model shown in chapter 5, the aim of this research is to create a 
numerical model able to implement and perform numerical simulations of the superelastic 
behaviour of smart materials: after a brief research in the related scientific literature, it was 
concluded that ANSYS® would have been the best final choice, having implemented by default 
the constitutive law of Nitinol, since ATENA® (the software Eng. N. Toader used for the push-
over analysis in his research) was able to deal with this need.                           
In recent years in fact, using the commercial ANSYS® finite element software, many research 
works have been performed successfully to simulate the seismic behaviour of reinforced 
concrete elements (beams, walls, columns, etc.) with results that show a very good accuracy 
being close to the experimental ones (Raongjant & Jing, 2008).  
The version of the software used for running FEA in this research is ANSYS® MechanicalTM 
17.2, academic license. 
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7.2 Description of the geometrical model 
The model chosen corresponds exactly to the one proposed in Eng. N. Toader work of research 
in order to carry on a comparison that would have resulted as faithful as possible, starting from 
the geometry (see Attachment A). 
 
Figure 1 – View of the experimental model 
 
The prototype structure is in precast reinforced concrete, a spatial frame two storeys high with a 
bay dimension of 2.00x3.00 m. In the following picture figure, it is given a scheme of the model. 
 
 
Figure 2 – Elevation view of the model 
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Precast reinforced concrete beams and columns are connected in two-dimensional frames, the 
beam supported by columns by a corbel, fixed with a vertical dowel and two reinforcing bars 
placed on the topping. Beam is laid on the column with the interposition of a rubber pad in 
neoprene. 
 
                 
 
 
 
The geometrical properties of the model are exactly those used for building the experimental 
model, as summarized in the following table: 
 
 
 
 
 
 
 
 
 
Table 1 – Numerical model elements dimensions 
 
 
7.2.1 Sub-modelling  
Due to symmetry reasons, the structure analysed is reduced to just one single frame, from 
which it is extrapolated the joint, object of this study. Before doing so, though, the necessary 
step is to create a sub-model with a two-dimensional single frame structure on SAP2000®: 
Structural  
element 
Model element  
[cm] 
Column 20x20 
Beam (without topping) 20x22 
Beam (with topping) 20x30 
Slab 8 
Storey height: level 1 133 
Storey height: level 2 125 
Bay geometry 200x300 
Figure 3 – Beam and column connection  
before the topping was added 	   Figure 4 – Beam and column connection  after the topping was added 	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storey heights, beam and column sections are dimensioned according to the Table 1 above. 
 
Figure 5 – View of the experimental sub-model elaborated with SAP2000® 
 
To the beams and columns are assigned the material properties of the reinforced concrete class 
chosen in the experimental model (C40/50): 
        
Figure 6 – Cross sections of the element beam with the material properties in SAP2000® 
 
Second step, the sub-model is loaded with the distributed load qk= 5kN/m2 to have force 
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diagrams in output, whose values are used to load the model to be created in  ANSYS® 17.2.  
 
Figure 7 – The loaded frame structure in SAP2000® 
 
In particular, we need three values that are of the utmost importance in our analysis: 
 
- Maximum value of the bending moment in the beam of the first storey, M= 7,10 kN/m; 
 
Figure 8 – Force diagram of the bending moment in the beam, in SAP2000® 
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- Compression in the column at the second bay, N= 6,72 kN; 
 
Figure 9 – Force diagram of the compression in the column at level 2, in SAP2000® 
 
- Compression in the column at the first bay, N= 13,59 kN; 
 
Figure 10 – Force diagram of the compression in the column at level 1, in SAP2000® 
 
This sub-modelling information is fundamental to start creating the model in ANSYS® 17.2 and, 
due to the lack of supplementary knowledge of APDL programming - therefore not easy to deal 
with and unintuitive - it was chosen a more user-friendly interface, Workbench, despite the fact 
that it can be very difficult sometimes to have good control on results and solution. 
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Again, due to symmetry reasons, it was possible to further simplify the geometrical model to be 
created in Workbench, extracting only the beam-column connection, as follows: 
 
 
Figure 11 – The AutoCAD 3D-sketch to be imported in the Design Modeler 
 
For modelling in Workbench, the first step is to start the Design Modeler, a CAD-like modeller 
with analysis modelling goals, to draw the actual geometry of the model, that could be easily 
imported attaching the AutoCAD 3D-geometry file. 
The sketch is imported and, changing the Basic Geometry Options and the Advanced Geometry 
Options, every object is automatically recognized as a Solid Body by the program, making easy 
the procedure of properties assignment. 
 
 
 
Figure 12 – The geometrical sketch created with the Design Modeler 
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The solid objects are 10 (see Table 2):  
- one beam; 
- one column; 
- one neoprene pad; 
- eight objects representing the vertical dowel (modelled in three parts) and the two 
horizontal bars (modelled in two pieces each); 
Table 2 – Geometry parts from the ANSYS® R16.2 Design Modeler report 
 
The objects must be connected to each other, through what ANSYS® 17.2 calls Contact 
Regions (16 to be precise), the tools that describe the mathematical equation associated to the 
Contacts: 
 
- No separation Contact, where the neoprene pad get in touch with beam, column and 
bars; 
- Bonded Contact, all the others, at the interfaces of beam, column and bars; 
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7.2.2 Constraints 
Through some physical considerations it was stated that the statical model for best representing 
the present case was the following one, (on the right is represented in a manual sketch made in 
one of the first moments of brainstorming). 
 
	  	  	  	  	  	  	  	  	  	  	  	   
Figure 13 – Sketch of the statical diagram of the model (on the right a sketch from the early steps) 
 
The structure is constrained as follows: 
• Hinge applied to the face of the first storey column; 
• Roller support at the lower edge of the beam; 
• Compression Force at the beam-column connection; 
• Compression Force at the top of the structure, applied to the face of the second storey 
column; 
• Bending Moment applied to the face of the beam. 
 
These last three are the Loads calculated with the sub-model in SAP2000®, representing the 
permanent vertical loads; the first two instead are the actual constraints, modelled as remote 
displacements imposed, with the proper setting of degrees of freedom, impeding the rotation 
and the translation in the specific axis, according to their level of constraint. In the following 
pictures it is shown the level of constraint for the Hinge and Roller Support. 
- N1= 6,72 kN; 
- N2= 13,59 kN; 
- M= 7,10 kN/m; 
	   104 
 
Figure 14 – E) Hinge 
                   F) Roller Support 
 
7.2.3 Meshing 
The immediate following step consists of setting the mesh size and the mesh controls. 
The size chosen at the beginning was obviously bigger than the final, it was adjusted while 
optimizing the modelling part and passed from coarse to finer, with the final satisfying value of 
25 mm, unique sizing for all the bodies. Hex dominant method, creating tetrahedral element 
types (Hex8), is the method chosen. 
 
 
Figure 15 – Mesh 
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Details are given in the following table: 
 
 
 
Table 4 – Mesh 
 
 
Table 5 – Mesh Controls 
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7.3 Material properties and calibration  
To offer a confrontation that could be as accurate as possible and adherent to the experimental 
model, the material chosen were the same used in the Eng. N. Toader’s research (see 
Attachment A) and in specific: 
1) C40/50 for the reinforced concrete (beam and column); 
2) S500MC for the structural steel (vertical dowel and horizontal bars); 
3) Neoprene for the gasket (beam/column interface-pad); 
4) Nitinol in place of the structural steel (vertical dowel and horizontal bars), for running the 
second analysis;  
Every material has been accurately described in its properties in the Engineering Data and 
calibration analysis has been run to validate the constitutive law of every material; in the 
following paragraphs, it will be given a detailed description. 
 
7.3.1 C40/50 
The main obstacle to finite element analysis of reinforced concrete is the difficulty in 
characterizing the material properties: much effort in fact, has been spent in search of a realistic 
model to predict the behaviour of reinforced concrete structures. Due mainly to the complexity of 
the composite nature of the material, proper modelling of such structures is a challenging task. 
Despite the great advances achieved in the fields of plasticity, damage theory and fracture 
mechanics, among others, a unique and complete constitutive model for reinforced concrete is 
still lacking. In this analysis, Drucker-Prager criteria has been chosen, as shown in the following 
table: 
Property Value Unit 
Density 2500 kg m-3 
Young’s Modulus 35000 MPa 
Poisson’s ratio 0,2 - 
Drucker-Prager base 
Uniaxial Compressive Strength 50 MPa 
Uniaxial Tensile Strength 5,5 MPa 
Softening exp. - 
 
Table 6 – Material Data 
 
The mechanical properties of this material could be easily traced down in the Eurocode 2: 
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Figure 16 – Mechanical properties of C40/50 
where:  
 
 
A Multilinear constitutive model was chosen to better representing the behaviour of the 
concrete: 
 
Figure 17 – Constitutive law for C40/50 concrete: multilinear 
 
 
Figure 18 – Test material and the resulting Maximum Principal Stress configuration 
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0  
Table 7 – Force-displacement graph and data from the test 
 
With these results, it can be now said that the material  
is validated and can be used in the global model. 
 
 
 
 
 
 
7.3.2 S500 
Structural steel S500 is a high strength, low alloy steel and falls within the European EN 10149 
PT2 standard; in particular S500MC is a high strength hot rolled structural steel, primarily used 
for cold-formed components. It is a load bearing steel and the material has a variety of 
applications as it has good attitude to welding. Heat treatment should be avoided as it could 
reduce the yield strength of the material. 
The chemical composition of structural steel is very important and highly regulated, being an 
essential factor defining the mechanical properties. In the following table, its chemical 
composition is displayed. 
      
 
 
 
 
 
 
Figure 19 – Chemical composition of S500 structural steel 
d (mm) F (kN) 
0,0002 242,83 
0,0004 315,59 
0,0007 387,3 
0,00115 455,79 
0,001825 506,62 
0,0028375 492,68 
0,0043562 329,61 
0,0063562 217,54 
0,0083562 185,27 
0,010356 178,07 
0,012356 179,27 
0,014356 183,39 
0,016356 188,63 
0,018356 194,44 
0,020356 200,66 
0,022356 207,3 
0,024356 214,34 
0,026356 221,83 
0,028356 229,8 
0,030356 238,3 
0,032356 247,38 
0,034356 257,11 
0,036356 267,56 
0,038356 278,8 
0,040356 289,48 
0,042356 302,33 
0,044356 316,23 
0,046356 331,31 
0,048356 347,73 
0,05 364,36 
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Tensile and yield strength are shown in the following figure: 
 
 
Figure 20 – Mechanical properties of S500 structural steel 
 
The constitutive law chosen is the Bilinear Isotropic Hardening and the values for Young 
Modulus, Poisson’s ratio, Bulk Modulus and Shear Modulus, in addition with the Tangent 
Modulus are shown in the graph and the table as follows: 
 
Figure 21 – Constitutive law: bilinear isotropic hardening 
 
Property Value Unit 
Density 7850 kg m-3 
Young’s Modulus 200000 MPa 
Poisson’s ratio 0,3 - 
Bilinear Isotropic Hardening 
Yiel Strength 500 MPa 
Tangent Modulus 5000 MPa 
Table 8 – Material Data 
 
Every material though, needs a validation through the definition of a simple model: if we can 
state that the material data will work on a test, we can be pretty sure it is admitted its use in the 
global model. For this reason it was made a test with a small bar of known lenght and size (140 
cm in length and 20 mm in cross-section) and we tested it in tension and compression with an 
imposed displacement of 200 mm, 14% of its length, applied the first time in tension and later 
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and separatedly in compression.  
 
Figure 22 – Test material in tension 
 
   
Table 9 – Strain/stress diagram data 
 
The material is validated and can be used in the global model. 
 
7.3.3 Neoprene 
 
Figure 23 – Elastomeric bearings in pads 
Generically referred to as “unreinforced” Bearing Pads or Bearing Strip, they are pressure 
Strain  
(m m-1) 
Stress  
(MPa) 
0 0 
0,0071 520,225 
0,0143 551,75 
0,025 597,7 
0,0357 641,95 
0,0428 670,525 
0,050 698,775 
0,0607 739,8 
0,0714 779,575 
0,0786 805,25 
0,0857 830,75 
0,0964 867,625 
0,1071 903,4 
0,1143 926,525 
0,1214 949,5 
0,1321 982,725 
0,1428 1014,975 
	   111 
moulded from high quality Natural Rubber of 60 IRHD hardness. In the determination of the 
material properties, a safety factor is incorporated in order to ensure a reasonable correlation 
between the calculated compressive stiffness value and the actual test value: an attempt to 
compensate for variations of compressive stiffness as will be experienced in practice, due to the 
friction that will occur when different surfaces are in contact with the rubber. Standard maximum 
manufacturing length is 1850mm and holes can be provided by the production.  
Figure 24 – Mechanical properties of neoprene on sperimental tests 
The mechanical values though, can slightly change with the cross section and the working load, 
as the following table shows: 
 
Table  – Properties for bearing pads and strips derived from AS 5100.4 
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The values we imported in the Engineering Data are the followings: 
 
Property Value Unit 
Density 121 g cm-3 
Young’s Modulus 2,1 MPa 
Poisson’s ratio 0,49 - 
Linear Elastic 
Compressive Yiel Strength 7,5 MPa 
Friction against concrete, μ 0,25 - 
 
Figure 25 – Mechanical properties of neoprene  
 
The test on the Neoprene was made on the actual size of the pad, once in compression – 
direction –z (imposed displacement of 10 mm, 5% of its length (20 mm) and in with an imposed 
shear displacement –x of 100% of its length (20 mm). 
 
 
Figure 26 – Test material in compression and in shear 
 
Linear elasticity is a reasonable choice for this material that will not influence directly the model, 
since it is present only as an interface of the two concrete bodies. The behaviour in 
compression represents the real one, while offering no big resistance to transversal 
deformation: nevertheless, this material can be regarded as validated and it can be used for 
running the analysis of the global model. 
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7.3.4 NiTi-NOL 
In chapter no.4, SMAs and in particular Nitinol have been widely described in their properties 
and constitutive law. Hence, in this section only the constitutive law will be reported: 
 
 
 
 
 
 
 
 
 
 
 
 
Table 11 -  Mechanical parameters related to both  
           constitutive models in static conditions 
 
These values are graphically translated in the following scheme, coming from the experimental 
test by Auricchio F., Fugazza D., DesRoches F., “Numerical and experimental evaluation of the 
damping properties of shape-memory alloys”, ASME, vol. 128, July 2006; 
 
Figure 27 – Constitutive law: flag-shaped behaviour of superelastic Nitinol  
 
For the Nitinol bars the test conducted was the same for steel bars in S500MC: a small bar 200 
cm long and with a cross section 20 mm in cross section, tested in tension and compression for 
one cycle of loading and unloading. 
Parameter Unit Value 𝐸! GPa 28.50 𝐸! GPa 23.00 𝜀! % 2.45 σ!!" MPa 270 𝜎!!" MPa 520 𝜎!!" MPa 350 𝜎!!"	   MPa 100 𝛼 - 0 
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Figure 28 – Test material and the resulting Strain/Stress diagram 
0 
Strain  
(m m-1) 
Stress 
(MPa) 
0 0 
0,23625 77,425 
0,4725 154,2175 
0,70875 230,3825 
0,945 279,075 
1,134 297 
1,323 315,075 
1,6065 341,6 
1,89 367,75 
2,079 384,85 
2,268 402,15 
2,5515 427,625 
2,835 452,825 
3,024 469,3 
3,213 485,975 
3,4965 537,575 
3,78 620,425 
3,591 565,1 
3,402 509,125 
3,1185 425,075 
2,835 340,45 
2,646 321,65 
2,457 304,425 
2,1735 278,45 
1,89 252,2 
1,701 234,56 
1,512 216,7275 
1,2285 189,7675 
0,945 162,5 
0,756 144,085 
0,567 125,6575 
0,2835 92,83 
0 0 
-0,189 -62,4 
-0,378 -125,215 
-0,6615 -220,2175 
-0,945 -286,2 
-1,134 -306,85 
-1,323 -327,25 
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-1,6065 -358,375 
-1,89 -389,875 
-2,079 -411,225 
-2,268 -432,45 
-2,5515 -464,8 
-2,835 -497,525 
-3,024 -519,75 
-3,213 -542,2 
-3,4965 -645,45 
-3,78 -749,825 
-3,591 -680,125 
-3,402 -610,325 
-3,1185 -506,725 
-2,835 -404,575 
-2,646 -354,475 
-2,457 -333 
-2,1735 -301,225 
-1,89 -269,8 
-1,701 -248,97 
-1,512 -228,435 
-1,2285 -197,8325 
-0,945 -167,5825 
-0,756 -147,52 
-0,567 -127,785 
-0,2835 -93,7625 
0 0 
 
Table 12 – Strain/stress diagram data for one cycle of loading and unloading 
 
With these results it can be now said that the material is validated and can be used in the global 
model. 
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7.4 Analysis settings 
As already said in the previous chapter, the aim of this work of research is to evaluate the 
behaviour of the model by conducting a two-dimensional non linear static analysis, using the 
finite element analysis, where to the permanent vertical loads, an increasing lateral load is 
added, to simulate equivalent earthquake induced forces. 
The structure in fact, was subjected to several sequences of increasing displacement controlled 
cycles until the maximum allowable drift (3,5%, according to ACI T1.1-01,2001 – Acceptance 
criteria for moment frames based on structural testing) was achieved: 11 cycles of controlled 
horizontal displacement, corresponding to drifts of 0.20%, 0.25%, 0.35%, 0.50%, 0.75%, 1.00%, 
1.40%, 1.75%, 2.20%, 2.75% and 3.50%.       
Each cycle consists of 3 steps with a displacement induced from the right side to the left 
(positive direction), and alternatively another 3 steps with a displacement applied from left side 
to the right and, eventually, each step had 4 sub-steps in order to represent the same hysteresis 
curves (force–displacement, P vs. Δ) used in the experimental research carried on by Eng. N. 
Toader. 
 
Fig. 28 – Force-displacement 11 cycles-envelop diagram of the sperimental model 
The total base shear force Fb [kN] and the absolute displacement d [mm], at the top of the 
building are: (109; 98,55); in order to have the value of the maximum displacement for the 
model of this research (which is a portion of the whole frame structure), it is necessary to make 
a proportion heigth/displacement (1), with the due simplifying hypotesis which consider linear 
the 1st response mode. The short calculus is shown in the following lines: 
 
- Hmax= 2580 – 150= 2430 mm 
- Hcol,1,med= 580 mm 
- Hcol,2,med= 1805 mm 
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3. Compliance of the Structure in Terms of ACI T1.1-01 
 
According to this sta dard, the experiment  a specimen is considered 
to be relevant if the ratio between odel and prototype is not less than 1:3. The 
maximum story drift imposed should be not less than 3.5% and at least one 
specimen of each type needs to be tested. The minimum extend of modules on 
either side of beam–column joint shall b  th  distance between the contraflexure 
points nearest that joint (ACI T1.1-01, 2001). The tested specimen fulfilled all 
the before mentioned requirements. 
The behaviour of the tested modules to be considered accepted will 
need to satisfy a few conditio s. The structure should have a similar response in 
both positive and negative direction of the lateral load applied, fact confirmed 
by the symmetry of displacements and forces applied during a cycle (Figs. 3 and 
4). The attained lateral resistance of structure should be equal or greater than the 
total shear force considered in the design, consistent with the allowable story 
drift limitation of the International Building Code, (2011). The maximum total 
shear force considered in the design of the frame structure was 101kN, while 
during the experiment a resistance force of over 138 kN was recorded (Fig. 12). 
For cycling at a story drift of 3.50%, the characteristic of the third complete cycle  
 
Fig. 12 – Ductility and rigidity o  b th directions („+” and „–”). 
 
shall have satisfied the followi g: peak f rce for a given loading direction will 
not be less than 75% of the maximum force for the same direction. For positive 
direction, 109 kN > 75% × 138 kN, while for negative direction: 108 kN > 75% × 
× 140 kN.  The  tested  specimen  fulfilled  all  the  before stated conditions 
(Fig. 12). 
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!",!!!"#$ = !!!"#$ =    !!!"#        (1) 
 
d2= 72,8 mm, displacement at the top face of the column; 
d1= 23,4 mm, displacement at the bottom face of the column. 
In the numerical model created, though, the structure is restrained with a hinge at the bottom of 
the column portion; it goes without saying that we should make a further step to know the value 
of the absolute displacement:  
Δ= d2-d1= 72,8-23,4= 49,4 mm 
 
This is the maximum value used for setting the increasing lateral load in the Analysis Settings: 
in ANSYS® 17.2 in fact, this load is introduced as a remote displacement, importing the following 
tabular data. 
1st cycle: 
drift 0,20% 
0, 
2,8229 
0 
-2,8229 
2nd cycle: 
drift 0,25% 
0 
3,5286 
0 
-3,5286 
3rd cycle: 
drift 0,35% 
0 
4,94 
0 
-4,94 
4th cycle: 
drift 0,50% 
0 
7,0571 
0 
-7,0571 
5th cycle: 
drift 0,75% 
0 
10,586 
0 
-10,586 
6th cycle: 
drift 1,00% 
0 
14,114 
0 
-14,114 
7th cycle: 
drift 1,40% 
0 
19,76 
0 
-19,76 
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8th cycle: 
drift 1,75% 
0 
24,7 
0 
-24,7 
9thcycle: 
drift 2,20% 
0 
31,051 
0 
-31,051 
10th cycle: 
drift 2,75% 
0 
38,814 
0 
-38,814 
11th cycle: 
drift 3,50% 
0 
49,4 
0 
-49,4 
0 
 
Table 13 – Cyclic load  
 
The path can be easily followed in the diagram shown in the following Fig.10, that shows the 
correlation between the displacement at the top of the building (mm) with the cycle of loading.  
 
Fig. 29 – Variation of the imposed displacement at the top of the building 
Two different sets of analysis is carried on: 
- the first one using the S500 for the Structural Steel bars; 
- the second one using the Nitinol bars. 
All the details about the analysis are explained in the following chapter. 
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foundations), were used displacement transducers (HBM WA type of 100 mm 
and 300 mm) and clock comparators (Fig. 2). 
Table 2 
Structure Geometry – Prototype versus Model 
Parameter Prototype structure, [m] Model structure, [m] 
Story height: level 1 4.00  1.33  
Story height: level 2 3.75  1.25  
Bay geometry 6.00 × 9.00  2.00 × 3.00  
 
 
The RC frame structure was gravitational loaded in two stages. In the 
first stage a qk = 5 kN/m2 load was applied on each of the slabs, consisted of 
bags filled with gravel, 55 kg each. For this stage was considered the live load 
corresponding the service limit state (SLS), ψ0qk = 1.0qk. In the second stage the 
vertical load was reduced to ψ2qk = 0.6qk = 3 kN/m2, in order to fulfill the 
requirement specific to the combinations for seismic actions design. The 
building was considered belonging category D (shopping areas), according to 
EN 1990:2002. 
Afterwards a number of 11 cycles of controlled horizontal displacement 
were applied on structure (Fig. 3), corresponding to drifts of 0.20%, 0.25%, 
0.35%, 0.50%, 0.75%, 1.00%, 1.40%, 1.75%, 2.20%, 2.75% and 3.50%. Each 
cycle consisted of 3 steps with a displacement induced from the right side to the 
left (positive direction), and alternatively another 3 steps with a displacement 
appli   from  left  side to the right. Also each step had 4 sub-steps in order to be  
 
   
Fig. 3 – Variation of displacement at  
the top of the building. 
 
Fig. 4 – Variation of total force, Fb, 
applied on structure. 
 
able to draw the hysteresis curves (force–displacement P vs. Δ) afterwards. The 
necessary lateral force induced to obtain the proper displacement increased 
steadily until in the 9th cycle, when a maximum force of Fb = 140 kN was 
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8. NONLINEAR ANALYSIS AND COMPARISON WITH THE 
EXPERIMENTAL RESULTS 
 
8.1 FEA of the numerical model (S500-model) 
Two different sets of pushover analysis have been run:  
 
1. the first one, to calibrate the numerical model with the experimental one, using S500 
structural steel for reinforcement bars; 
 
2. the second one has been run after the calibration, once the numerical model was 
representative enough of the experimental case. With this achievement, S500 
reinforcement bars have been replaced with Nitinol bars, in order to investigate the 
differences in their performance, in the chosen configuration. 
 
The pushover analysis of a structure is a static nonlinear analysis under permanent vertical 
loads and gradually increasing lateral loads, where the equivalent static lateral loads 
approximately represent earthquake-induced forces. The aim is to plot the total base shear 
force versus top displacement in the structure in order indicate any premature failure or 
weakness. 
In nonlinear analysis, the total load applied to a finite element model is divided into a series of 
load increments called load steps; at the completion of each incremental solution, the stiffness 
matrix of the model is adjusted to reflect nonlinear changes in structural stiffness before 
proceeding to the next load increment: ANSYS uses Newton-Raphson equilibrium iterations for 
updating model stiffness. For the reinforced concrete solid elements, convergence criteria were 
based of force, and the convergence tolerance limits are 10% for force checking in order to 
obtain convergence of the solutions.         
Furthermore, for the nonlinear analysis, automatic time stepping predicts and controls load step 
sizes: if the convergence behaviour is smooth, automatic time stepping will increase the load 
increment up to a selected maximum load step size and if the convergence behaviour is abrupt, 
automatic time stepping will bisect the load increment until it is equal to a selected minimum 
load step size.            
Having introduced this general analysis settings used by ANSYS solver, it follows the 
description of the first pushover analysis run imposing the aforementioned increasing 
displacement, whose path can be easily followed in the diagram shown in the following picture, 
where the displacement at the top of the building (mm) is in correlation with the cycle of loading.  
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Fig. 1 – Variation of the imposed displacement at the top of the building 
 
The outcome is summarized in the hysteresis diagram, where it can be clearly observed that the 
behaviour of the connection is strongly influenced by the presence of concrete, due to its poor 
performance in tension (characteristic value for uniaxial tensile strength for C40/50 concrete, ft= 
5,5 MPa). 
 
 
Fig. 2 – Hysteretic curve for the connection analysed 
 
For every cycle, it is highlighted the maximum value of the total base shear force (see table 1. 
attached) for the related value of the displacement, that allows us to draw a representative 
curve, envelope of the graph shown in figure 2. 
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foundations), were used displacement transducers (HBM WA type of 100 mm 
and 300 mm) and clock comparators (Fig. 2). 
Table 2 
Structure Geometry – Prototype versus Model 
Parameter Prototype structure, [m] Model structure, [m] 
Story height: level 1 4.00  1.33  
Story height: level 2 3.75  1.25  
Bay geometry 6.00 × 9.00  2.00 × 3.00  
 
 
The RC frame structure was gravitational loaded in two stages. In the 
first stage a qk = 5 kN/m2 load was applied on each of the slabs, consisted of 
bags filled with gravel, 55 kg each. For this stage was considered the live load 
corresponding the service limit state (SLS), ψ0qk = 1.0qk. In the second stage the 
vertical load was reduced to ψ2qk = 0.6qk = 3 kN/m2, in order to fulfill the 
requirement specific to the combinations for seismic actions design. The 
building was considered belonging category D (shopping areas), according to 
EN 1990:2002. 
Afterwards a number of 11 cycles of controlled horizontal displacement 
were applied on structure (Fig. 3), corresponding to drifts of 0.20%, 0.25%, 
0.35%, 0.50%, 0.75%, 1.00%, 1.40%, 1.75%, 2.20%, 2.75% and 3.50%. Each 
cycle consisted of 3 steps with a displacement induced from the right side to the 
left (positive direction), and alternatively another 3 steps with a displacement 
applied  from  left  side to the right. Also each step had 4 sub-steps in order to be  
 
   
Fig. 3 – Variation of displacement at  
the top of the building. 
 
Fig. 4 – Variation of total force, Fb, 
applied on structure. 
 
able to draw the hysteresis curves (force–displacement P vs. Δ) afterwards. The 
necessary lateral force induced to obtain the proper displacement increased 
steadily until in the 9th cycle, when a maximum force of Fb = 140 kN was 
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F d 
kN mm 
106,97 38,446 
108,57 30,793 
100,89 24,497 
98,205 19,62 
90,965 14,018 
82,756 10,539 
66,388 7,052 
48,72 4,938 
35,712 3,529 
27,236 2,821 
0 0 
-13,016 -3,529 
-14,525 -4,941 
-16,486 -7,058 
-18,69 -10,592 
-21,059 -14,159 
-23,665 -19,852 
-25,807 -24,839 
-28,578 -31,257 
-31,784 -39,088 
 
Table 1 – Maximum values of Force and Displacement at every cycle 
 
 
 
Fig. 3 – The red curve represents the maximum values for each cycle of loading 
 
Analysing the single connection though, is not enough to make a comparison with the 
experimental model, because we fail to take into account the contribution the symmetric part 
gives when an inversion of the seismic action takes place. In the whole structure in fact, when in 
one connection the horizontal bars are in tension, at the opposite side, in the symmetric 
connection, the bars are in compression and vice versa, per every cycle (see figure 4, where 
fundamental mode shape is approximated by horizontal displacements increasing linearly along 
the height).  
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Fig. 4 – Deformed shape to lateral loads  
For this reason, the energy dissipated by the connection both in tension and compression 
should be summed up to recover the behaviour of the whole frame, and the envelope curve 
shown in red (in Figure 2) must be combined with the one describing the cyclic behaviour in the 
other connection, as follows: 
 
 
 
Fig. 5 – Cyclic loading for the two symmetric connections:  
         - in blue, the connection analysed;  
         - in red, the symmetric connection;  
         - in yellow, the curve summing up the energies in both directions.  
 
The blue curve is the envelope of the maximum values for each cycle for the connection 
modelled; the red curve describes the behaviour of the symmetric connection, while the yellow 
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curve sums up the energies in both directions. 
The values for the yellow curve, describing the global behaviour of the frame, are reported in the 
following table: 
 
F d 
kN mm 
131,42 83,296 
138,754 38,446 
137,148 30,793 
126,697 24,497 
121,87 19,62 
112,024 14,018 
101,446 10,539 
82,874 7,0519 
63,245 4,9378 
48,728 3,5268 
27,236 2,8212 
0 0 
-40,252 -3,5293 
-50,237 -4,9409 
-65,206 -7,0584 
-85,078 -10,592 
-103,815 -14,159 
-114,63 -19,852 
-124,012 -24,839 
-129,468 -31,257 
-140,354 -39,088 
-132,57 -92,42 
-131,42 -92,42 
 
Table 2 – Maximum values of force (kN) and displacement (mm) for the frame structure at every cycle  
 
The next step is confronting the adherence of the numerical model to the experimental one, 
making a comparison between the two envelope curves resulting from the pushover analysis. 
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8.2 Confronting numerical results with experimental results 
The superposition of the two curves, where the green one describes the experimental model, 
while the yellow one represents the numerical one, clearly shows a good calibration of the 
model created in ANSYS 17.2, validating the choices and the hypothesis made up to now. 
 
 
 
 
          Fig. 6 – Comparison between the experimental model (in green) and the S500-model (in yellow) 
 
For a better understanding of the comparison, in table 2 are reported the relevant values of the 
experimental hysteresis curve. 
 
F d 
kN mm 
-108 -97,42 
-140 -33,68 
-109 -12,32 
0 0 
104 12,35 
138 33,81 
109 98,55 
 
Table 3 – Values of force (kN) and displacement  
                         (mm) for the experimental model 
 
Looking at the S500-model envelope curve (the yellow one), it can be observed that, until the 
cycle number 9, where there is the maximum value of the Force of 138,75 kN for a 
displacement of 38,55 mm, the curve describes pretty thoroughly the experimental one - at the 
cycle number 9 in fact, the real structure was showing a value of 138 kN for a displacement of 
33,81 mm.                                  
In the two last cycles instead, the behaviour is a little bit distant from the experimental curve, 
showing a value of force of 131,42 kN for the final step of displacement, instead of the real 
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value of 109 kN; starting from cycle number 10 in fact, the necessary force to reach the 
predetermined target displacement started to decrease.       
Where the experimental curve shows a softening behaviour, also due to the loss of interaction 
between steel and concrete, which already faced crack opening with small story drifts, the 
numerical curve shows a hardening behaviour.   
The reason for this though, can be easily found in the hypothesis made while designing the 
model: it must be remembered that the constitutive law chosen for the structural steel was a 
bilinear isotropic hardening, with a tangent modulus value of 5000 MPa, after the specimen 
reaches the yield strength value of 500 MPa.  
 
 
Fig. 7 – Constitutive law for structural steel reinforcement bars (S500) 
 
Having said that, the calibration can be considered successfully completed; the next and last 
step is running the second analysis with the Nitinol-model, where the reinforcements bars in 
Shape Memory Alloy replace the S500, and comparing it to the S500-model results shown 
above. 
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8.3 Nitinol-model analysis results and confrontation with S500-model results  
Having thoroughly calibrated the numerical model over the experimental one, for designing the 
second model it must be taken into account a pivotal term of comparison, for better replicating 
the characteristics of the S500-model in the new model, starting from the very definition of 
tension: 
        σ= F/A (N/mm2)                         (1) 
 
A comparison between yielding strength values in both materials will determine, for the same 
value of force, the area required for sizing the Nitinol bars, in order to replicate the same exact 
conditions used in the S500-model.  
 
S500 – structural steel 
σ         F A 
N/mm2 N mm2 
500 200000 400 
 
Table 4 – Value of force (N) calculated with formula no.1 above 
 
With a simple calculation, the size chosen for Nitinol bars is 27mm. (For a better representation 
of the numerical model and to help the mesh definition, the bars are drawn as solid bodies with 
a square cross section).                 
After this preliminary remark, the second model is built in ANSYS 17.2 with the same exact 
characteristics the S500-model has: 
 
- geometry (this time with 27 mm bars); 
- loading; 
- constraints and boundary conditions. 
Nitinol 
σ         F  A 
N/mm2 N mm2 
270 200000 740,74 
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Fig. 1 – Constraints and loads applied to the Nitinol-model  
 
Two mesh sizes have been used here, for describing the complexity of the computation, unlike 
previously: 
- 0,05 m for concrete Solid Bodies, beam and column; 
- 0,01 m for reinforcement horizontal bars and vertical dowel. 
The element used for computation is Hex8, an hexahedral element with 8 nodes and three 
degrees of freedom at each node – translations in the nodal x-, y- and z-directions.  
Again a pushover analysis was run, with the cyclic remote displacement imposed at the top face 
of the column, according to the ACI T1.1-01, in order to capture the strength degradation. 
 
         
Fig. 2 – Cyclic loading: 11 cycles composed of 4 steps each 
The proposed connection modelled already fails right after the fourth cycle, at a load of only 24 
kN (for a displacement of 7,05 mm) as a result of excessive tension occurring in the area 
around the vertical dowel. The output values of the analysis can be found in the following Table 
5, while the hysteresis curve is shown in Figure 4. 
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F (kN) d (mm) 
-0,0043069 -0,011292 
-0,0086138 -0,022584 
-0,015075 -0,039522 
-0,024778 -0,064929 
-0,039533 -0,10304 
-0,062353 -0,1602 
-0,098328 -0,24595 
-0,1488 -0,35888 
-0,20237 -0,4718 
-0,25937 -0,58472 
-0,3202 -0,69765 
-0,38512 -0,81058 
-0,45443 -0,9235 
-0,52887 -1,0364 
-0,60976 -1,1494 
-0,69825 -1,2623 
-0,79528 -1,3752 
-0,90117 -1,4882 
-1,015 -1,6011 
-1,1373 -1,714 
-1,2674 -1,827 
-1,4055 -1,9399 
-1,552 -2,0529 
-1,7064 -2,1658 
-1,8682 -2,2787 
-2,0376 -2,3917 
-2,2154 -2,5046 
-2,4009 -2,6176 
-2,5935 -2,7305 
-2,7573 -2,8233 
-1,3703 -2,2586 
-0,18471 -1,6939 
1,2542 -0,84699 
2,2782 -0,00011604 
3,0078 0,56443 
3,9833 1,1289 
6,0613 1,9757 
9,2186 2,8223 
6,6205 2,2579 
4,5521 1,6934 
2,5767 0,8467 
1,7257 -0,00011317 
1,0248 -0,70584 
0,22667 -1,4116 
-1,8163 -2,4704 
-4,5495 -3,5293 
-2,5689 -2,8234 
-0,87396 -2,1175 
0,90537 -1,0587 
2,0305 -0,00011327 
2,7622 0,70557 
3,9723 1,4112 
6,6711 2,4696 
10,858 3,5278 
7,1947 2,8223 
4,7404 2,1168 
2,769 1,0584 
1,4647 -0,00011004 
0,24053 -0,98815 
-1,2324 -1,9763 
-4,178 -3,4587 
-5,6842 -3,9776 
-6,0164 -4,1592 
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-6,3157 -4,3408 
-6,8199 -4,6133 
-7,3683 -4,9413 
-4,2274 -3,9529 
-1,9486 -2,9645 
0,36002 -1,4822 
2,2954 -0,00011098 
3,7039 0,98784 
6,0077 1,9757 
11,389 3,4573 
16,636 4,9387 
10,536 3,9511 
6,2138 2,9635 
3,3746 1,4818 
1,0269 -0,0000953 
-1,2328 -1,4116 
-3,9661 -2,8234 
-7,8919 -4,9413 
-9,7911 -7,0596 
-5,1098 -5,6473 
-1,7875 -4,2352 
2,2762 -2,1174 
6,488 -0,00011397 
9,6823 1,4112 
13,261 2,8224 
19,798 4,9389 
23,996 7,0552 
14,805 5,6447 
10,23 4,2339 
5,7718 2,1166 
0,88042 -0,00079914 
-4,1438 -2,1177 
-8,7482 -4,2345 
-9,1574 -4,3707 
-9,0553 -4,4184 
-9,0519 -4,4661 
-9,1156 -4,5138 
-9,2201 -4,5853 
-9,255 -4,6228 
-9,3034 -4,6604 
-9,3765 -4,7168 
-9,3905 -4,7365 
-9,4135 -4,7562 
                                                           
                Table 5 – Output values for the cyclic loading 
 
 
Fig. 4 – Cycling loading for the proposed connection 
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Actually the failure of connection causes strength degradation and very high tensions in the 
concrete, as it can be seen in the following graph. 
 
Fig. 5 – Maximum and Minimum Principal Stress in the precast reinforced concrete elements 
 
From this path it is clearly visible that right after the fourth cycle (step no.16), the stress in 
tension reaches values comparable with the tension yield strength of the concrete, ft= 5,5 MPa. 
For example, when it comes to comparing the behaviour of the stress in both models, it can be 
noticed that while the S500-model shows a progressive increase of the value of stress, both in 
tension and compression, in the Nitinol-model the tension shows much higher values in 
compression right from the second cycle (step no.5), while reaching the yield strength in tension 
after the step no.16, right before the end of the numerical analysis. 
 
 
Fig. 6 – Maximum and Minimum Principal Stresses in the precast reinforced concrete elements: 
               in red: stresses in the Nitinol-model 
               in blue: stresses in the S500-model 
The graph above shows the stresses induced in the precast reinforced concrete elements 
(beam and column): 
	   131 
- the path in red is related to the Nitinol-model; 
- the path in blue represents the stresses in the S500-model. 
 
 
 
Fig. 7 – Cycling loading for the proposed connection 
 
The maximum and minimum values of the the stress (respectively in compression and in 
tension) are shown in figure 7 and 8: both in the beam. 
Fig. 8 – Cycling loading for the proposed connection 
 
Checkings for this behaviour can be also made drawing the path of the stress in the bars: as 
usual, in red is marked the Nitinol bars and in blue the ones in S500. 
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Fig. 9 – Maximum Principal Stresses in the bars: in red,  
stresses in the Nitinol and in blue stresses in the S500 
 
The values of stress imposed to the Nitinol are nothing compared those for the S500, which 
explains why the concrete in the Nitinol-model suffers so high levels of stress: even right before 
the failure, the maximum stress is concentrated at the interface of beam and column. 
 
Fig. 10 – Maximum principal stress in the Nitinol bars  
 
In the following picture instead, maximum principal stress in the S500 bars is depicted, showing 
the massive extent of the stress at the same load step the Figure 10 is taken: the comparison 
spontaneously follows, even only judging by the difference in colours. The higher the value, the 
closer to red the colour; vice versa, the lower, the closer to blue. 
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Fig. 11 – Maximum principal stress in the S500 bars 
 
The explanation for this behaviour, basically lies in the difference of rigidity for the different 
materials: for better understanding this, we shall go back to the constitutive laws used for the 
reinforcement and compare them. 
 
   
Fig. 12 – Comparison between constitutive laws of S500 (in the left box) and Nitinol (in the right box) 
 
The Young’s modulus for S500 (E1) is 200 GPa, exactly ten times the Young’s modulus for 
Nitinol, E2= 23 GPa, and the area used for S500 bars (A1= 20x20 mm) is almost half the area 
engaged in the Nitinol-model (A2=27x27 mm bars), hence the gap in the axial rigidity (k), can be 
roughly calculated as follows: 
 
       k = ( E·A ) / L           (2) 
 
Considering that the specimens have a length L= 1 m , it can be stated that: 
E1≈ 10E2 
A1≈ A2/2 
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where k1= E1·A1, rigidity of the S500-model;  
Hence: 
k1= E1·A1= 10E2·2A1= k2 
k2= (E1/10)·2A1= 1/5E1·A1 
k2= (E1/10)·2A1= 1/5k1, rigidity of the Nitinol-model. 
 
     k1 ≈ 5 k2      (3) 
 
At the end of this calculation, it is clear that the rigidity of the system with the regular steel is 
around five times higher than the proposed varied configuration with shape memory alloy bars; 
this means that, despite the brilliant characteristics of the smart materials such as strain-
recovery and superelasticity, the configuration proposed has not sufficient rigidity for bearing the 
cyclic loading and undergoing the imposed deformation without transmitting almost all the stress 
to the concrete bodies. The expectations for this material to recover residual deformations and 
to be used as a damping system are not fulfilled with the present configuration. 
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   135 
9. CONCLUSIONS 
 
9.1 General conclusions and personal contributions	  
All the major earthquakes occurred in the last 40 years highlighted the significant vulnerability 
and the poor performance of precast reinforced concrete buildings in regard to seismic actions, 
mainly due to the inadequate capacity of the joints between the structural elements to properly 
transmit the lateral loads and to ensure appropriate connection: this deficiency in some cases 
contributed to the spread of mixed systems resulting from the coupling of prefabricated 
elements with cast-in-place structures, to which is usually assigned the task of supporting the 
majority of the seismic demand. Nonetheless, considering the fact that some irreversible plastic 
deformations in the joints are already expected, an improvement of their behaviour under 
seismic actions can be achieved by inserting suitable dissipative material at the beam-column 
region of contact. This was the primary object of investigation of this paper.    
After an overview of the different typologies of connections for precast reinforced concrete 
structures and a presentation of the qualities of smart materials (Shape Memory Alloys - SMA, 
in this case), this research was devoted to the study of the behaviour of a new typology of PRC 
connection to vertical and horizontal loads: a simple beam-to-column connection, where the 
solidarity between the elements is ensured by dowels and mechanical couplers in Nitinol, as an 
alternative for reinforcement, to improve post-earthquake recovery. This material in fact, 
showing a “zero force – zero displacement” behaviour, has been recently borrowed from the 
biomedical background to the new horizons of constructions, in the field of passive energy 
dissipating systems, better known as dampers.       
Starting from the results of a real experimental case, it was created a FE model to numerically 
represent the real case and, once the numerical model was properly calibrated, it was 
compared to the case-study proposed above, to explore the possibility of improvements of the 
joint, through the use of SMA and verifying its effectiveness on precast systems, in areas prone 
to high seismic risk.          
The outcome of the comparison turns out to be interesting as much as fairly unexpected: 
through the use of S500 structural steel, the innovative beam-to-column connection offers a fair 
speed in execution as well as small costs, plus the transition from a pinned connection to a 
semi-rigid one increases significantly the rigidity of the structure to lateral forces, keeping intact 
the high ductility of the structure; for this reason, this connection furnishes acceptable energy 
dissipation capacity and could help achieving the expected level of ductility, while constituting 
also an expected area of structural damage. When the structural steel was substituted with 
Nitinol instead, the superelasticity did not work in favour of the proposed connection because 
the low rigidity of these new bars (ca. 5 times lower) did not allow them to properly work as a 
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reinforcement: high level of stress were accumulated and rapidly transferred to the concrete 
parts, that reached tensile yielding stress very soon, even with very small imposed deformation. 
This is the reason why the modelled connection rapidly concluded the loading path right after 4 
cyclic iterations. It goes without saying that, as constrained, the proposed geometry does not 
suitably work to recover residual deformations: first, the lack of symmetry in the disposition of 
the bars in the beam section represents a big limitation to the effectiveness of this configuration 
that does not fulfill the expected level of ductility and rigidity, in comparison to the experimental 
connection with standard steel; and secondly, the lack of advantages is also due to the too big 
difference in rigidity between concrete and Nitinol, thing that imped the enhancement of the 
peculiarities of both materials, as constrained in a configuration where these materials work in 
the hypothesis of perfect bond in the contact zone.             
Furthermore, it resulted unachievable pushing the examination more in-depth, up to the same 
level of displacement reached with the standard steel, due to the high level of nonlinearities 
triggered by the high deformability of the SMA, despite the high level of accuracy of the 
modelling phase.           
For these reasons, the results achieved up to now are not sufficient to justify the use of Nitinol in 
this connection or even showing its self-centering characteristics recently used more and more 
often in the experimental research related to damping devices; in addition to that, if the 
economical aspect must be taken into account, a price of US$ 100-300/Kg (ca. EUR€ 95,67-
287,01/Kg) is not competitive at all with the price of standard steel that is around 100 times 
cheaper. 
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9.2 Perspectives for future works of research 
If it’s true that only through a performance-based design, life safety and the possibility of viable 
rehabilitation - from the economical point of view - for buildings subjected to a major earthquake 
can be ensured, it is worth thinking of continuing the exploration of the peculiarities of this 
material, starting from the model itself:  
 
a. in other configurations:  
- different disposition of the reinforcement bars; 
- different level of constraint; 
 
b. investigating how the variation of the dimension influences the global behaviour of the 
structure, through a parametric study; 
 
c. empowering the model with a more detailed mesh definition, specific for mapping the 
evolution of cracks in the concrete, through the introduction of a damage-plasticity approach 
to model the failure of concrete. 
 
Beside this, the problem of the high cost of materials remains: conducting a brief thematic 
research, it is immediately clear that the cost of smart materials is due to the high cost of its 
industrial production; achieving the goal of a cheaper process of the alloying procedure, could 
surely represent an enhancement for introducing more widely the use of a material that 
undoubtedly has very good qualities applicable in the field of passive energy dissipating 
systems. Not an bad idea, if you think that for the time being ongoing challenges for such 
systems are more and more frequent and include detailing to accommodate gap openings, 
designing rocking systems for higher mode effects, collapse assessment and life-cycle cost 
analysis: collapse safety assessment of dissipating systems in fact, is the most important issue 
for providing adequate structural reliability and it is an open topic of research. 
Because self-centering systems are expected to have an initial construction cost, clearly higher 
than conventional ones, but are expected to pose lower costs over the life of the structure, 
ongoing research is being conducted to quantify life cycle costs so that architects and engineers 
can make educated choices about using these systems.  
Once being shown how to reduce or eliminate structural damage associated with conventional 
lateral force resisting systems during significant earthquakes, they might have the potential to 
reduce socio-economic loss and disruption of cities after significant earthquakes, being an 
important tool for building the resilient, sustainable city of tomorrow. 	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<<Take these broken wings and learn to fly.  
All your life, you were only waiting for this moment to arise.  
You were only waiting for this moment to be free.>> 
 
PAUL McCARTNEY - Blackbird 
 
 	  
